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The stage – Spain’s electrical system
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The stage – Spain’s electrical system
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The crime scene – a total loss of power

Export - Andorra

April 28th 2025, 12:33 hExport - Morocco

Export - Portugal

Export - France

Battery storage (+)

Pumped hydro (+)

Nuclear

Coal

Combined cycle

Steam turbine

Diesel

Gas turbine

CHP / MSW

Hydro

Wind

Solar PV

Solar thermal (CSP)

RR.EE. Thermal

Pumped hydro (-)

Battery (-)

Import - France

Import - Portugal

Import - Morocco

Source: Red Eléctrica Española
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INTRO

Just another day at the office
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The calm before the storm
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The calm before the storm

Power station Type Output [MW]

Vandellós (1967) Nuclear 1087

Ascó (1984) Nuclear 2060

Almaraz (1973) Nuclear 2095

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 dynamic voltage control (technical restrictions)

Source: L. Tecleme,, 2025/7/24, Los nombres de las centrales involucradas en el apagón (y 

que el Gobierno ocultó), Diario Red
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Quick notes on active/reactive power and voltage control
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• Reactive power is needed by consumers

• It must be generated

• Power generator overload

• It increases transmission losses

• Overload of transmission lines

• It makes an impact on voltage

Power generator

(active and reactive)

Power consumer

(active and reactive) 
Power generator

(active)

Power generator

(reactive)
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Quick notes on active/reactive power and voltage control

Q

P

S

𝜙

Power factor: cos𝜙 =
𝑃

𝑆

• Motors

• Transformers

• Reactance

• Synchronous

• Produce/consume reactive power

• Can control voltage actively

• Asynchronous

• Consume reactive power

• Cannot control voltage

• Condenser

• Produces reactive power

• Increases voltage (static)

• Reactance

• Consumes reactive power

• Decreases voltage (static)

• Features

• Consume reactive power 

(proportional to I2) 

• Active voltage control

GENERATOR CONDENSER/REACTANCE TRANSFORMERS
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Quick notes on active/reactive power and voltage control

Generated:

𝑄 = 𝐵 · 𝑉2

• 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)

LINE / CIRCUIT

Consumed

𝑄 = 𝑋 · 𝐼2Q

I

Generated

Consumed
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• Transformers

• Reactance
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The analysis – Five phases identified

P0 – Voltage 

instabilities
• Previous days

• Morning of 04/28

P1 – System 

oscillations
• From: 12:00 (28)

• To: 12:30 (28)

P2 – Loss of 

generation (OV)
• From: 12:32:00 (28)

• To: 12:33:18 (28)

P3 – Collapse down 

to V=0
• From: 12:33:18 (28)

• To: 12:33:30 (28)

P4 – Supply 

recovered
• From: 12:33:30 (28)

• To: 14:36 (29)

COVERED TODAY
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PHASE 0

That which is seen, and that which 

is not seen (Frederic Bastiat)
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Phase 0 – Previous days 

18:45     18:50         18:55        19:00         19:05        19:10        19:15

400

410

420

430

440

Voltage at selected nodes (April 22nd)

Upper limit

435 kV

Warning 

420 kV

Coordination 

actions

Extreme 

actions

- Export to Portugal (1650 MW) ceased

- PV ramp-down:

- It is usually ~500 MW/min at that time of the day

- Grid balance control triggers additional 750 MW down 

at 19:00.

- Large plants unavailable in the center of the country

- In 1 minute, several transmission lines in this region come 

online:

- From overloaded and consuming reactive power

- To underloaded, acting as condensers

- Small share of synchronous power providing continuous 

(dynamic) voltage control

- PV + Wind amounts to 59.2%
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Phase 0 – Previous days 

17:50          17:55                18:00                18:05              18:10

395

400

405

410

415

Voltage at selected nodes (April 24th)

Lower limit

380 kV

- Series of events take place at 18:00:

- Total export power increases to 1675 MW

- Energy exported to France is raised to 1220 MW

- PV generation is 900 MW…

- … against 340 MW planned for that time of the day

- Much larger load on the grid → lower voltage
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Phase 0 – Morning of April 28th (before 10:30 h)

00:00              02:00               04:00                06:00               08:00                10:00                12:00

400

410

420

430

440

Voltage at selected nodes in the morning of April 28th

Upper limit 435 kV

Warning 420 kV

- Voltage instabilities start at 06:00

- Export of electricity to France drops by 1000 MW (planned)

- 06.00 – 08:00 Voltage drop due to demand increase → increased load of grid (planned)

390
BAU ∆𝑉 ↓

V
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Phase 0 – Morning of April 28th (after 10:30 h)

380

400

420

440

Larger voltage 

instabilities from 
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Zone Center
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PHASE 1

Not just another day at the office
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Phase 1 – Morning of April 28th (10:30 – 12:00 h)

Moderate voltage oscillations at 0.2 (red) and 0.6 (green) Herzs

05:49

08:52

10:30 / 4kV

11:06 / 11kV

11:23 / 6kV

12:03

12:19

Labels reports time and 

(peak-to-peak) amplitude
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Phase 1 – Morning of April 28th (12:03 h)

Large oscillations at 0.6 Hz trigger at 12.03

49.96

49.98
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50.02
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370

• Power oscillations at 12:03

• 𝜔 oscillations amplitude: 70 mHz

• V drops below 380 kV (lower limit)

• Damped in 4 min and 42 sec

• Registered in France and Germany

12.03

4 minutes and 42 seconds
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Phase 1 – Morning of April 28th (12:03 h)

- 12:07 Energy exported to France decreased to 1000 MW (12:07 – 13:00)

- Increased damping capacity of Spanish grid (safety margin)

- 12:07 Three additional 400 kV circuits come online

- Enhanced reliability and increased damping capacity

- 12:11 Two additional 400 kV circuits come online

- Enhanced reliability and increased damping capacity

- 12:11 HVDC connection France-Spain starts to work as plain DC, rather 

than emulated AC

- 12:15 REE asks REN to reduce energy exported to Portugal:

- REE asks REN to reduce this to 2000 MW (-1000 MW)

- After negotiation, it is agreed to reduce to 2500 MW until 13:00 and to 

2000 MW later

A
C

T
IO

N
S

Voltage oscillations 

mitigated

Lower load on grid

Additional gridlines

Voltage increases
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Phase 1 – Morning of April 28th (12:19 h)

12:19

200 mHz

- Frequency and voltage oscillation at 0.2 Hz

- At Almaraz (marked), ∆V is 24 kV (peak-to-peak)

- Pattern is known across Europe
49.90
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Phase 1 – Morning of April 28th (12:19 h)

- 12:19 Energy exported to France decreased to 1000 MW (12:07 – 14:00)

- Period is extended to 14:00

- 12:15 REE asks REN to reduce energy exported to Portugal:

- Reduction to 2000 MW to become effective at 12:30

- 12:21 / 12:25 Two additional 400 kV circuits come online

- 12:26 REE seeks a Thermal Power Station in the South which can start immediately

- Fastest power plant able to come online in 1h 30 min (hot start)

- This group shut down at 9:00

- It is agreed to come online at 14:00

- This power station never synchronized (blackout at 12:33)

- 12:XX A plant operator reports (TSO) it might need to go offline due to oscillations

- TSO agrees to have another thermal power station coming online at 15:00 

- This never materialized
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C
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Phase 1 – Morning of April 28th (12:19 h)
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• Strong voltage oscillations at 12:05 and 12:30

• Same time as frequency oscillations

Zone South

12:00             12:10              12:20               12:30

380

400

420

440

440

460

Zone Center-East

Zone Center

380
12:00               12:10                 12:20                12:30

400

420

12:00              12:10               12:20               12:30
380

V
ol

ta
ge

V
ol

ta
ge

V
ol

ta
ge

23



Phase 1 – Morning of April 28th (12:19 - 12:30 h)

- 12:04 – 12:05 REE takes four shunt reactors offline at critical nodes with low voltage

- 3 400 kV + 1 220 kV shunt reactors (reactance)

- 12:17 – 12:24 REE performs the same action (since voltage dropped again at 12:16)

- 3 400 kV + 1 220 kV shunt reactors (reactance) – in addition to the previous ones

- 12:26 – 12:28 Generalized trend towards higher voltages → shunt reactors come online 

again

- 4 400 kV + 1 220 kV shunt reactors (reactance)A
C

T
IO

N
S

- No voltage excursions beyond the upper and 

lower limits observed from 12:00 to 12:30

Source: Red Eléctrica Española
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Phase 1 – Morning of April 28th (12:30 h)

- Voltage:

- At 12:30, voltage oscillations have been damped

- Voltage between 400 and 420 kV

- Frequency

- ~50 Hz

- Low damping

- Energy exported reduced to 1000 MW (France & Portugal)

- Connection to France in DC mode

- Generation - Demand

- Demand is 25184 MW 

- Pumped hydro 2978 MW

Before moving on: what was the 
situation at this stage?

82%

10%

3%
1% 4%

RREE Nuclear Gas Coal CHP/MSW

9936

30558

0

7000

14000

21000

28000

35000

April 21st April 28th

Overvoltage warnings registered 

at control centers (before 12:00)

Source: A. García et al., 2025, Analysis of the events leading to 

the loss of power on April 28th 2025, Report  produced by 

Compass-Lexecon and INESCTECSource: D. Sánchez, based on data from REE
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PHASE 2

Everyone has a plan until they get 

punched in the face (Mike Tyson)
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Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

- Linear and QUICK voltage increase at this time

- Values registered at substations:

- Olmedilla: 413 – 428 kV in 57 s

- Arroyo: 411– 424 kV in 57 s

12:32
12:30:00 12:31:00 12:32:00

12:32:57 12:33:00 12:33:16

12:33:17 12:33:18 27



Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

- Linear and QUICK voltage increase

- Energy exported to France starts to decrease 

(to enhance damping of voltage oscillations)

12:32
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Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

12:32
Time MW Time MW

12:32:05 2.6 12:32:29 2.3

12:32:09 21.6 12:32:45 0.6

12:32:09 5.9 12:32:49 13.3

12:32:09 4.8 12:32:49 1.1

12:32:09 2.9 12:32:53 11.9

12:32:25 19.2 12:32:53 20.0

12:32:25 3.4 12:32:53 4.8

12:32:29 22.4 12:32:53 10.0

12:32:29 55.6 12:32:53 6.0

In 24 seconds, this small-scale power was lost

525 MW (2%) | 317 MW DG<1MW (60%) 

- Linear and QUICK voltage increase

- Energy exported to France starts to decrease

- Loss of generation capacity starts
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Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

12:32:57.140

- Loss of generation capacity starts

- Substation in SE trips

- 355 MWe active power

- 165 MVAr reactive power absorbed

- Trip triggered by overvoltage at SUT (400/220) at 

a power plant connected to this substation

- Energy exported to France further reduced by 450 MW 

- Frequency drops and recovers in 3 s

- Voltage increases beyond 430 kV at critical nodes but 

does not exceed 435 kV

Capacity (668 MW)

376142

150

Wind PV CSP

NOTE: On May 5th, The Government approved to 

increase the capacity of this substation by 200 MW

Source: D. Sánchez, based on data from REE 30



Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

Source: D. Sánchez

CSP

Substation

PV
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Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

Source: D. Sánchez

Red circles are wind parks

32



Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

12:33:16.460
- Two substations trip in the SW of Spain 

- 12:33:16.460 & 12:33:17.520

- Substations connected to PV plants

- Total loss of power is 730 MW (582 + 118)

- Due to loss of power, frequency drops 55 mHz

- Frequency oscillation damped, but 50 Hz not 

recovered

- Energy IMPORTED from France → 895 MW

- Voltage increases again (same as previous power 

loss at 12:32:57)

- Cascaded trips of small RREE plants between 

12:33:16.820 and 12:33:17.547

Arguably having caused the large voltage 

oscillations at 12:03 and 12:19 (REE)
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Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

12:33:16.460
50.00

110%

15 s                          16 s                             17 s                           18 s                           19 s                            20 s                           21 s
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@ 12:33:17.780
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Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

12:33:17.780
- 12:37:17.780 Large power loss (550 MW) at a 

substation in the S of Spain → RR.EE. node

- Cascaded trips follow

- 12:33:17.975 PV in W (220 kV line reported to 

be running at 240.98 kV)

- 12:33:18.020 PV in W (220 kV line reported to 

be running at 239.38 kV)

- Due to loss of power, frequency drops 75 mHz

- This frequency oscillation CANNOT be damped

- Energy IMPORTED from France → 1510 MW

- Voltage keeps increasing at several 400 kV nodes
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CÁCERES

BADAJOZ

HUELVA

SEVILLA

GRANADA

CUENCA

MAIN TRIPS P2

12%

3%

4%

% - Share of synchronous power

12%

9%

29%

23%

21%

27%

77%

92%

86%

Phase 2 – Morning of April 28th (12:32:00 – 12:33:18 h)

Adapted from: A. García et al., 2025, Analysis of the events leading to the loss of 

power on April 28th 2025, Report  produced by Compass-Lexecon and INESCTEC
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PHASE 3

I can't believe this is happening to me. The weirdest 

thing is it was just a dream, and now it's actually real

(Carrie Underwood)
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Phase 3 – Morning of April 28th (12:33:18 – 12:33:30 h)

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
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Phase 3 – Morning of April 28th (12:33:18 – 12:33:30 h)

12:33:23.960
- 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) substations managing AC interconnections 

with France start to trip

- 12:33:23.960 HVDC connection ceases operation
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Phase 3 – Morning of April 28th (12:33:18 – 12:33:30 h)

12:33:29.741
- 12:33:20.180 Frequency drops to 49.48 Hz (below 1st

pumping load shedding threshold - 49.50 Hz) 

- 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 (2nd

pumping load shedding threshold) → 588 MW go 

offline automatically

- 12:33:20.600 Frequency falls below 49.00 Hz (1st 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 (2nd LST)

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

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

- 12:33:21.820 Frequency falls below 48.20 Hz (5th LST) 

- 12:33:22.040 Frequency falls below 48.00 Hz (6th 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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WRAP-UP
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Wrap-up and conclusions

Before 

blackout
After

blackout On average 24

On average 14
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Adapted from: A. García et al., 2025, Analysis of the events leading to the loss of power on April 28th 2025, Report  produced by Compass-Lexecon and INESCTEC
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The statements made and opinions expressed in this talk are those of the author and do not represent his employer’s (University of Seville)

- Intro power grid in Spain: 2 slides

- 01:30

- Intro to situation: 7 slides 

- Spot market and planning 1 slide

- Voltage-frequency control 3 slides

- Measures & organization 1 slide

- 05:00

- Phase 0 4 slides

- Phase 1 8 slides

- General & 12:03 3 slides

- 12:19 and wrap-up 5 slides

- Phase 2 11 slides

- 12:32 (Huénajar) 6 slides

- Núñez de Balboa 3 slides

- Sevilla 1 slide

- Summary 1 slide

- 17:00

- Phase 3 3 slides

- 20:00

- Wrap-up 2 slides
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