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Abstract

On April 28, 2025, the Iberian Peninsula experienced a complete electrical blackout
affecting 47 million people across Spain and Portugal. Drawing from the ENTSO-E
investigation, this paper examines the policy implications of this event for power
system management during rapid decarbonization. The investigation identified an un-
precedented cascade of generation disconnections triggered by overvoltage conditions,
tracing the root cause to institutional rather than technical failures: regulatory barriers
prevented the utilization of renewable capacity with certified voltage control capability,
market design incentives misaligned operational decisions with real-time stability
requirements, and governance fragmentation impeded coordinated crisis response.
These findings offer lessons for policymakers navigating the tension between market
efficiency and system security in renewable-dominated grids.
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1 Introduction

At 12:33 on April 28, 2025, Spain and Portugal lost power simultaneously, cutting
electricity to 47 million people in the largest blackout in over 20 years. Supply was not
tully recovered until the following day. The investigation identified a novel failure mode:
cascading generation disconnections triggered by overvoltage, rather than the traditional
undervoltage collapse that grid codes and operator procedures are designed to prevent.
What institutional failures enabled this crisis, and what reforms are necessary to prevent
similar events as power systems worldwide undergo rapid decarbonization?

The blackout exposed three distinct institutional failures rather than technical limita-
tions. First, control authority gaps prevented the Spanish TSO from coordinating 24 GW
of renewable voltage control capability. Spanish regulations required renewable facilities
to follow TSO power factor instructions, yet those instructions arrived by email with
implementation timelines of several days, a communication mechanism incompatible
with dynamic voltage control during conditions evolving over seconds (ENTSO-E, 2026).
In Portugal, both synchronous generators and renewable facilities above 1 MW receive
real-time voltage or reactive power setpoints directly from the TSO, demonstrating that
direct control authority over voltage resources is technically and institutionally feasible
(ENTSO-E, 2026). One unit had declared unavailability on the evening of April 27, and
the operator decided not to replace it in real-time given voltage conditions that appeared
adequate at the time (Government of Spain, 2025).

Second, Spanish market rules created incentive misalignment between hourly compli-
ance and second-by-second stability requirements. Renewable facilities were required to
maintain power factor within a fixed band on an hourly basis, limiting reactive capability
to 20% of active power output (ENTSO-E, 2026). Compliance was assessed post-facto
through hourly settlement data, with penalties for violations but no compensation for
dynamic voltage support during sub-hourly stability events.

Third, enforcement failures compounded these gaps. Thermal generators contracted
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for voltage control provided insufficient reactive power absorption during the critical
period. The regulatory framework governing these obligations had not been updated since
2000, with a proposed revision pending approval for four years before the blackout finally
prompted its adoption (ENTSO-E, 2026; Aguiar, 2025).!

These findings inform reforms establishing control authority through mandatory
SCADA integration, aligning incentives through continuous service provision with explicit
compensation, and strengthening enforcement through enhanced monitoring with credible
penalties. Success requires building institutional infrastructure for control coordination,

appropriate incentive design, and effective enforcement across all generation types.

Roadmap Section 2 provides technical overview of the April 28 event, including system
diagram, timeline, and voltage evolution. Section 3 analyzes the three institutional failures
and their policy implications. Section 4 examines European coordination imperatives,
analytical framework requirements, and implementation priorities. Section 5 concludes

with key lessons for power systems navigating renewable integration challenges.

2 Chronology of the blackout event

This section provides technical foundation for the policy analysis that follows. The
presentation draws from the official investigation reports (ENTSO-E, 2026; Government

of Spain, 2025) and preliminary analyses (Red Eléctrica de Espafia, 2025) and (National

The underperformance of thermal generators reflected regulatory design rather than operator negligence.
Operational Procedure PO 7.4 (Red Eléctrica de Espania, 2000) defined compliance as meeting the reactive
power reference in at least 75% of hourly samples, which created no obligation to respond in real time. The
procedure prescribed financial penalties for non-compliance, but the entity responsible for designing the
penalty scheme had never developed it, so no enforceable economic consequences existed on the day of
the incident. For at least one southern plant, the TSO had sent advance instructions to increase reactive
power absorption on comparable past days but did not issue such an instruction on April 28; the generator’s
configuration therefore defaulted to a lower absorption setting. A second plant ramped toward the TSO
reference, but its ramp rate was too slow to track the fast voltage changes unfolding in real time. The
ENTSO-E Expert Panel concluded that the combination of an ambiguous response-speed requirement, a
tolerance for hourly non-fulfilment, and the absence of enforceable penalties produced a framework that
could not ensure real-time voltage support during a fast-moving disturbance (ENTSO-E, 2026).



Renewable Energy Laboratory, 2025).

2.1 System diagram and event localization

Figure 1 presents the Iberian Peninsula transmission network showing the geographic
distribution of major generation disconnection events during Phase 2 (12:32:00-12:33:18).
Three distinct event clusters are marked on the map, each representing significant genera-
tion losses due to overvoltage in common evacuation infrastructures.

The geographic pattern reveals concentration of disconnections in southern and western
Spain, regions with high renewable energy penetration. The Granada event (12:32:57)
initiated the cascade with 355 MW loss. Within 20 seconds, the Badajoz region experienced
two major disconnections at 12:33:16, losing 582 MW at one substation and 145 MW
at another (total 727 MW), followed by an additional 118 MW loss one second later
at 12:33:17. The Sevilla region lost 550 MW at 12:33:17. Each event cluster involved
multiple renewable generation facilities sharing common evacuation infrastructure, where
overvoltage conditions triggered protective disconnections. The three major event clusters
totaled approximately 1,750 MW (355 + 845 + 550 MW). Including the distributed northern
region losses of approximately 525 MW between 12:32:00-12:32:57, total generation loss
during Phase 2 exceeded 2,275 MW.

2.2 Timeline of critical events

Phase 0 - Voltage Instability (Week prior and 09:00-12:00): System operators identified
voltage stability concerns in the days preceding the event. Morning operations on April 28
showed elevated voltage levels across multiple regions. The investigation reports note that
voltage instability episodes had been recorded earlier in 2025, particularly on January 31,
March 19, and April 22 and 24, with the latter two most relevant to the April 28 conditions

(Government of Spain, 2025).
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Figure 1: Areas of major generation disconnection events in Spain during Phase 2 (12:32:00-
12:33:18). The map shows three event cluster regions: (1) Granada region (magenta,
southeast): 355 MW loss at 12:32:57 from PV, thermo-solar, and wind generation; (2)
Badajoz region (teal, west-central): approximately 727 MW loss at 12:33:16 from PV and
thermo-solar generation across two substations (582 MW at TS1-Badajoz and 145 MW
at TS2-Badajoz), with an additional 118 MW loss at 12:33:17 at TS1-Badajoz; (3) Sevilla
region (blue, southwest): 550 MW loss at 12:33:17 from PV generation. The orange circle
indicates the broader northern region with approximately 525 MW of combined PV and
wind disconnections and net load increases in distribution grids between 12:32:00-12:32:57.
All major disconnections occurred due to overvoltage in common evacuation infrastructure
serving multiple renewable generators. Source: Based on ENTSO-E Expert Panel Report
(ENTSO-E, 2026) and Spanish Committee Report (Government of Spain, 2025).



From 06:00 to 09:00 on April 28, the voltage profile remained stable with variability
less than 5 kV. Starting around 09:00, greater voltage variability began to appear, with
significant excursions becoming evident after 10:30. The period between 10:30 and 11:10
showed voltage rises coinciding with solar generation drops, accompanied by changes in
export programs that shifted from export to import from France (Government of Spain,
2025).

At 12:30 (Spanish time, 11:30 Portuguese time), only 11 thermal plants were providing
dynamic voltage control in Spain, representing the lowest number since the beginning
of the year. The composition included 4 nuclear plants, 1 coal plant, and 6 gas plants.
Thermal capacity prepared for voltage control was operating at 50% due to scheduled
maintenance typical for the spring period of low demand.

Phase 1 - System Oscillations (12:00-12:30:00): Two major oscillation periods occurred
at 12:03-12:07 and 12:19-12:21 (Spanish time). The first oscillation showed frequency
deviations of -0.2 to -0.6 Hz. The second oscillation showed frequency deviations of -0.6 to
-0.2 Hz and then 0.2 to 0.6 Hz. Corrective actions were taken by the transmission system
operator to dampen oscillations, though specific actions remain undocumented in the
public reports (ENTSO-E, 2026).

Five minor oscillations had occurred earlier in the morning at 05:49, 08:52, 10:30, 11:06,
and 11:23, all in the 0.2 Hz frequency range. These earlier oscillations were damped without
requiring operator intervention. The 12:00-12:30 oscillations were more pronounced
and occurred during a 15-minute market interval transition, when generation programs
changed to match new market schedules (Government of Spain, 2025).

After the oscillations were damped around 12:30, the system remained in a configura-
tion with higher voltage levels and reduced flexibility for voltage control. The successful
damping of oscillations left the system vulnerable to subsequent voltage increases.

Phase 2 - Generation Losses from Overvoltage (12:32:00-12:33:18): At 12:32:57, a

transformer trip in Granada caused disconnection of 355 MW generation from PV, wind,



and thermo-solar facilities. The disconnected generation was consuming 165 MVar reactive
power. The subsequent cascade followed the pattern of what Rouco et al. (2026) term
an overvoltage-driven blackout: a phenomenon distinct from traditional undervoltage
collapse, driven by exhaustion of reactive power absorption capacity rather than generation
of reactive supply. Rouco et al. (2026) demonstrate through load flow simulation that the
system’s minimum safety margin at 12:30 was insufficient to withstand the disconnections
that followed.

At 12:32:57, a transformer trip in Granada caused disconnection of 355 MW generation
from PV, wind, and thermo-solar facilities. The disconnected generation was consuming
165 MVar reactive power. At 12:33:16, two generation trips in the Badajoz region resulted
in 727 MW loss (582 MW at one substation, 145 MW at another). At 12:33:17, an additional
118 MW was lost in Badajoz and 550 MW in Sevilla. Total generation loss in the three
major Phase 2 event clusters: approximately 1,750 MW (355 + 845 + 550 MW). Including
distributed northern losses of approximately 525 MW between 12:32:00-12:32:57, total
Phase 2 generation loss exceeded 2,275 MW. Voltage exceeded 1.1 per unit for 16 seconds,
below the 30-second threshold for ICS voltage violation classification (ENTSO-E, 2026). The
geographic distribution of these generation losses is shown in Figure 1, with concentrations
in Granada, Badajoz, and Sevilla regions.

Phase 3 - Collapse to Zero Voltage (12:33:18-12:33:30): Cascading disconnections of
remaining generation occurred over 12 seconds. System defense mechanisms activated,
including pump trips and load shedding, but proved insufficient to prevent collapse.
Complete loss of voltage across the Iberian Peninsula occurred by 12:33:30. Spain lost
25,638 MW demand (100% of connected load). Portugal lost 5,900 MW demand (100% of

connected load). 2

2The 5,900 MW figure represents consumer load connected at the instant of collapse, excluding pumping
load that had already been disconnected by frequency-based defense mechanisms during the preceding
seconds. Peak pre-blackout demand including pumping load reached approximately 8,000 MW earlier in
the day, as shown in Figure 2. The substantial pumping load in Portugal (approximately 2,100 MW) was
progressively disconnected through automatic frequency defense schemes between 12:33:20 and the final
collapse at 12:33:30.



Phase 4 - Supply Restoration (12:33:30 April 28 - 07:00 April 29): Portugal completed
restoration by 00:22 on April 29. Spain restored 99.95% of demand by 04:00 on April 29.
Technical work continued until 14:36 on April 29 (ENTSO-E, 2026).

The restoration process relied on black-start capable facilities (Castelo de Bode and
Tapada do Outeiro in Portugal) creating electrical islands that gradually absorbed load
and generation. Figure 2 shows the evolution of generation and load in the Portuguese
system during the 19-hour restoration period.
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Figure 2: Evolution of generation and load in the Portuguese system during restoration
phase (April 28-29, 2025). The stacked area chart shows progressive restoration from
complete collapse at 12:33 CEST (11:33 WEST). Generation mix evolved from initial re-
liance on black-start hydro facilities (run-of-river and reservoirs) to gradual integration
of combined cycle gas turbines (CCGT), wind, solar, and imports. The black line shows
consumer demand, while the thin line includes pumping load. Peak pre-blackout total
demand (consumers plus pumping) reached approximately 8,000 MW. At the instant of
tinal collapse (12:33:30 CEST), consumer demand was approximately 5,900 MW, with
pumping load having been disconnected by automatic frequency defense mechanisms
in the preceding seconds. Portugal completed full restoration by 00:22 CEST on April 29.
Source: REN (Portuguese TSO) via ENTSO-E Report (ENTSO-E, 2026).



2.3 Pre-Event system conditions and voltage evolution

High renewable output that morning depressed day-ahead prices and pushed Spanish
net exports to roughly 5 GW. Solar generation growth after 09:00 coincided with a gradual
rise in voltage swings across the transmission network, though excursions remained
within operational bounds until after 10:30, when pilot nodes in the 400 kV network began
approaching the 435 kV ceiling without breaching it. Transmission voltages held below
that threshold throughout the pre-incident period, and no oscillation exceeded 20 mHz in
amplitude before 12:03 (ENTSO-E, 2026).

Figure 3 shows voltage evolution in the main 400 kV transmission substations (pilot
nodes) in Spain from 09:00 to 12:30. The figure demonstrates the increasing voltage
variability after 10:30, with multiple pilot nodes showing elevated voltage levels and
greater fluctuations.

In the 30 minutes before the collapse, two distinct oscillation episodes destabilized the
system. The first (12:03-12:08) was local in character, centered on the Iberian Peninsula,
with a dominant modal frequency of 0.63 Hz. The second (12:19-12:22) was a wide-area
inter-area event at 0.21 Hz, consistent with the well-documented East-Centre-West mode in
which the Iberian Peninsula oscillates against the continental European core. To damp these
oscillations, the system operator reduced exports to France, connected additional 400 kV
circuits to increase network meshing, and switched the HVDC link to constant power
mode. These actions restored system stability but left the network in an elevated-voltage
state with reduced capacity to absorb reactive power (ENTSO-E, 2026).

By 12:32:00, 400 kV voltages across the Iberian system had fallen back below 420 kV
and oscillation amplitudes were below 20 mHz. The conditions appeared stable, yet
the damping actions had narrowed the voltage control margin to the point where the
generation losses that followed within seconds were sufficient to trigger the cascade
described in Phase 2.

This chronology establishes the factual foundation for the policy analysis that follows.
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Figure 3: Voltage evolution in main 400 kV transmission substations (pilot nodes) in Spain
during morning of April 28, 2025. The chart shows six pilot nodes across the Spanish
transmission network (Eliana, Guillena, Hernani, Mesén, Rubi, SS Reyes, and Vic). Voltage
levels remained relatively stable until approximately 10:30, when variability increased.
Pilot nodes show voltage fluctuations between 390 kV and 435 kV, with brief approaches
to the 435 kV threshold after 10:30. The voltage spikes around 10:30 and 11:30 coincide
with system oscillations and corrective actions taken by operators. At 12:32:00, when the
incident sequence began, voltage at 400 kV level was below 420 kV across all pilot nodes.
Source: ENTSO-E Expert Panel Report (ENTSO-E, 2026).
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3 Policy context and implications

3.1 Disentangling the institutional failures

The blackout exposed not a single “market failure” but rather three distinct institu-
tional problems requiring different policy interventions. Understanding these separate
constraints clarifies why 24 GW of renewable voltage control capability remained unused
despite technical feasibility.

Problem 1: Control Authority and Communication Infrastructure The most severe
constraint was the absence of real-time control authority over renewable resources. Royal
Decree 413/2014 established that facilities with capacity > 5 MW must follow TSO instruc-
tions for power factor adjustment. However, the TSO communicated these instructions by
email with implementation timelines of “a few days” (ENTSO-E, 2026). This communica-
tion mechanism cannot support dynamic voltage control during conditions evolving over
seconds to minutes.

The constraint was not merely technical (lacking SCADA integration) but institutional:
no regulatory framework required or compensated real-time controllability. Portugal’s
system demonstrates technical feasibility: solar plants larger than 1 MW receive automatic
voltage setpoints through SCADA and respond in real-time (ENTSO-E, 2026). The Spanish
regulatory gap prevented establishing similar control authority despite identical technical
capabilities in renewable installations.

Resolving the Portugal paradox: Portugal also experienced complete blackout despite
its superior voltage control framework. The investigation documented that “no genera-
tion trips were observed in Portugal and France within the 12:32:00-12:33:18 timeframe”
(ENTSO-E, 2026). Portuguese renewable generation remained stable throughout the 78-
second Spanish overvoltage cascade, validating that real-time voltage control frameworks
prevent voltage-driven failures. Portugal collapsed only when frequency dropped below

protection thresholds due to massive Spanish generation losses (>2,500 MW). The fre-
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quency collapse propagated through synchronous area coupling at rates exceeding 1.5
Hz/s, overwhelming Portugal’s voltage control capabilities (INESC TEC, 2025).3

Policy implication: Requires mandatory SCADA integration for renewable facilities
above threshold capacity, establishing TSO authority for real-time setpoint transmission.
This addresses a control rights problem, not equipment capability.

Problem 2: Static Compliance vs. Dynamic Service Provision Royal Decree 413/2014
required renewable facilities to maintain power factor within 0.98 inductive to 0.98 ca-
pacitive on an hourly basis. This compliance check occurred post-facto through hourly
settlement data. The regulation included penalties for hourly non-compliance (ENTSO-E,
2026).

This framework creates three specific barriers to dynamic voltage support:

First, hourly averaging obscures second-by-second voltage control performance. A
facility could maintain compliant hourly average power factor while providing zero
dynamic response to voltage fluctuations within that hour. Conversely, aggressive voltage
support during critical seconds could violate hourly limits if sustained.

Second, the fixed power factor band (0.98 to 0.98) limits reactive power provision to 20%
of active power output. During the April 28 crisis, elevated voltages required maximum
reactive power absorption, yet renewable facilities operated near unity power factor within
their compliance bands rather than at absorption limits.*

Third, the hourly compliance framework provides no incentive for responsive behavior.

3This demonstrates that voltage control frameworks address voltage stability within their domain but
cannot prevent frequency collapse originating from generation losses in interconnected systems. The
counterfactual is instructive: had Spanish renewable facilities operated under Portugal’s framework with
real-time SCADA integration, the coordinated reactive power absorption capability (approximately 2,000
MVar from partial deployment of 24 GW capacity) could have prevented the overvoltage cascade that
initiated the crisis. The initial Granada event removed only 165 MVar of reactive absorption—an order
of magnitude less than available renewable capability. Portugal’s experience validates that institutional
frameworks enabling renewable voltage control work as designed, while demonstrating that synchronous
area coupling requires harmonized frameworks across all connected systems since failures propagate through
physics regardless of local institutional advantages (Mahdavi and Dimitrovski, 2019; Ceylan et al., 2021).

4Research demonstrates that high renewable penetration creates overvoltage challenges requiring coordi-
nated reactive power management. Systems with inadequate voltage control frameworks experience voltage
instability at penetration levels similar to those observed in the Iberian system (Katigbak et al., 2023; Till
et al., 2020; Shun-Hsien Huang et al., 2012).

12



Facilities optimize for hourly settlement compliance, not dynamic stability contribution.
Operators face penalties for hourly violations but receive no compensation for providing
valuable voltage support during sub-hourly stability events. The weakness of even this
static compliance regime is evident from the data: the Spanish committee found that nearly
22% of the 850 highest-generating plants were not meeting their power factor obligations
on April 28 (Government of Spain, 2025). A penalty structure that fails to secure basic static
compliance cannot support the dynamic service provision that system security requires.

Policy implication: Requires transitioning from hourly power factor compliance to con-
tinuous voltage control service provision with appropriate monitoring (5-minute sampling)
and compensation mechanisms. This addresses an incentive design problem.

Problem 3: Thermal Generator Performance Failure The investigation found widespread
non-compliance among thermal generators programmed and compensated for voltage
control. The analysis revealed ”insufficient reactive power absorption by practically all
connected units during one or more periods on the morning of April 28, with some units
generating reactive power when they should have been absorbing it” (Government of
Spain, 2025).

Thermal generators operating under P.O. 7.4 face compliance requirements: when
voltage exceeds 410 kV, units must absorb reactive power at their capability limits. The
service is considered adequately provided if 75% of samples each hour show either voltage
within 405-410 kV bounds or reactive power at mandatory limits (ENTSO-E, 2026).

The thermal performance failure represents an enforcement problem distinct from the
renewable utilization gap. Thermal generators possessed technical capability, received
compensation, faced mandatory obligations, yet failed to provide adequate service. This oc-
curred despite continuous monitoring systems that should have detected non-compliance
in real-time.

Policy implication: Requires enhanced supervision, real-time compliance monitoring,

and effective penalties for failure to provide contracted voltage control services. This
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addresses an enforcement problem.

Economic interpretation: These three problems create compounding effects. The
control authority gap (Problem 1) prevented TSO from directing renewable resources
to provide voltage support even when system conditions required it. The compliance
framework (Problem 2) created no incentive for renewable operators to invest in responsive
behavior or accept opportunity costs associated with voltage support. The enforcement
failure (Problem 3) meant even contracted thermal resources provided inadequate service.

Together, these failures created a coordination collapse: the TSO lacked authority to
mobilize available renewable capabilities, renewable operators faced wrong incentives to
provide dynamic support, and thermal generators failed to deliver contracted services.
The 24 GW renewable voltage control capability remained unutilized not due to a single
“market failure” but through interaction of control authority gaps, misaligned incentives,
and enforcement failures.

Reform interactions: The proposed reforms address these distinct problems through
targeted interventions:

Control authority: Mandatory SCADA integration establishes technical infrastructure
and regulatory obligation for real-time controllability, enabling TSO to dispatch renewable
voltage control services.

Incentive alignment: Transition from hourly compliance to continuous service pro-
vision with explicit compensation recognizes opportunity costs and creates economic
incentives for responsive behavior.

Enforcement strengthening: Enhanced monitoring with 5-minute sampling and credi-
ble penalties for non-compliance applies to both thermal and renewable resources, ensuring
contracted services are actually provided.

This decomposition clarifies implementation requirements: success requires not only
new technical capabilities but also establishing control authority, redesigning compliance

frameworks, and strengthening enforcement mechanisms across all generation types.
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3.2 Market structure, operational response, and voltage vulnerability

The transition to quarter-hourly market clearing contributed to the blackout not through
direct causation but by creating operational complexity that amplified voltage instability
during a critical system response period.

The morning pattern: Market-driven voltage volatility Starting around 09:00 on April
28, the system experienced atypical voltage volatility characterized as “extraordinary”
by multiple operators (Government of Spain, 2025). During 10:30-11:10, voltage rises
coincided with solar generation drops responding to market price signals, accompanied
by export program changes that reversed direction. At 10:00 and 11:00, significant power
flow deviations occurred on the French interconnection.”

These deviations illustrate how quarter-hourly clearing created more frequent oppor-
tunities for market-driven program changes that the system operator had to correct at
cost. More broadly, in renewable-dominated systems, day-ahead prices systematically
understate total operating costs: ancillary service costs in Spain rise by approximately
0.045€ /MWh for each euro reduction in day-ahead prices, as system operators activate
synchronous generators outside the market to maintain reliable operating conditions
(Davi-Arderius and Jamasb, 2026).

The critical mechanism: Oscillation response creating voltage vulnerability The
causal link to the blackout operates through oscillation damping actions taken between
12:00-12:30. Two major oscillations occurred at 12:03 and 12:19.

The system operator implemented standard damping measures following established

protocols: reducing French exports, modifying HVDC operation mode, and connecting

additional 400 kV circuits to increase network meshing.® The operator’s decision not to

5The 10:00 deviation resulted from a 900 MW shortfall in programmed solar generation increase (actual
~1,100 MW vs. programmed ~2,000 MW), attributed to market price signals triggering curtailment. The
11:00 deviation correlated with an “anomalous” 1,200 MW demand increase, compatible with temporary
distributed generation reduction (Government of Spain, 2025).

6 After the first oscillation (12:03-12:07): reduced French exports from 1,500 MW, modified HVDC from
AC-emulation to constant power mode (12:11), connected five 400 kV circuits. After the second oscillation
(12:19-12:22): further reduced French exports to 1,000 MW target, requested Portuguese export reduction

15



replace the unavailable unit the previous evening reflects a structural incentive problem.
The regulatory framework at the time included an explicit incentive linked to the volume of
energy contracted for voltage control, not to reliability outcomes (Batlle et al., 2026). Each
MWh scheduled for this purpose displaces a MWh of renewable generation, a trade-off that
attracted political pressure to minimize contracting. The cost of the constraint management
mechanism had risen from €240 million in 2019 to €1.2 billion in 2024, generating public
criticism of overcautious scheduling (Batlle et al., 2026). This institutional context makes
the operator’s decision rationally explicable even if, in hindsight, it was operationally
consequential.

These actions successfully damped the oscillations by 12:22 but inadvertently created
voltage vulnerability through two mechanisms. First, increased network meshing reduced
transmission impedance, decreasing inductive voltage drop and elevating voltage levels.
Second, reduced export capacity trapped generation within the Iberian system, further
decreasing resistive losses and increasing net capacitive effects. The investigation noted
this effect explicitly: oscillation damping measures “inadvertently contributed to voltage
rise by increasing network meshing” (Government of Spain, 2025). The resulting state left
the system with negligible reactive absorption headroom. At 12:33:00, P.O. 7.4 generators
in south Spain were absorbing 2,315 MVar against a remaining capacity of only 1,002 MVar;
the 332 RES generators operating under fixed power factor contributed just 185 MVar of
absorption; and 2,700 MVar of south Spain shunt reactor capacity — 67.5% of the installed
total — was disconnected (ENTSO-E, 2026). The system was at its reactive absorption
ceiling before the cascade began.

The temporal coincidence: Market intervals and system vulnerability At 12:30, pre-
cisely when oscillation damping actions had placed the system in this elevated-voltage
configuration, two market program transitions occurred: the scheduled Portuguese export

reduction began implementation (12:27-12:30) and the standard quarter-hourly market in-

from 2,545 MW to 2,000 MW (scheduled for 12:30), connected additional circuits, ordered thermal generation
online (90-minute start-up time) (ENTSO-E, 2026).
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terval transition occurred. Between 12:32:00 and 12:32:57, French exports fell by 1,030 MW,
of which 480 MW resulted from observable renewable generation changes (Government
of Spain, 2025).”

Clarifying the causal pathway The blackout did not result from quarter-hourly clearing
directly causing overvoltage. Rather, the market structure contributed through three
interacting factors: (1) increased operational complexity from 96 daily program transitions
versus 24 under hourly clearing, (2) temporal coincidence where the 12:30 market interval
transition occurred exactly when oscillation damping had left the system in an elevated-
voltage state, and (3) limited analytical time—operators had approximately 11 minutes
between oscillation damping (12:22) and cascade initiation (12:32:57).

The counterfactual analysis suggests hourly clearing would have provided more opera-
tional flexibility. Under hourly clearing, no program transition would have occurred at
12:30, and operators would have had approximately 38 additional minutes before the next
transition to assess voltage conditions and implement corrective actions.?

Policy implications: Market efficiency vs. dynamic stability The analysis reveals
fundamental tension between static market efficiency (optimal clearing approaching real-
time) and dynamic system stability (adequate time for security assessment and response).
The investigation concluded: “measures pushing markets closer to real-time operation may
constrain the time available for proper security analysis, particularly in less interconnected
systems like the Iberian Peninsula” (Government of Spain, 2025).

The planned reduction to 30-minute intraday gate closure would further compress

operational windows. For comparison, the April 28 sequence required 11 minutes from

The investigation noted that the adjustment window for program changes spans -5 to +5 minutes around
the nominal transition time, producing transient power flow fluctuations that affect voltage levels. Dis-
tributed generation trips occurred during this period, compatible with overvoltage conditions in distribution
networks where tap changers may not have responded rapidly enough to decreasing transmission-level
power flows (Government of Spain, 2025).

8However, the fundamental vulnerabilities would have persisted: only 11 thermal plants providing
voltage control (control authority gap), thermal generators not providing adequate reactive absorption
(enforcement failure), and no mechanism to deploy renewable voltage control capability (incentive misalign-
ment).
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oscillation damping to cascade initiation, while standard security analysis procedures
typically require 15-30 minutes for comprehensive assessment.

Resolving this tension requires institutional reforms enabling faster security assessment
and response: automated security assessment tools, coordinated voltage control capability

over renewable resources, and dynamic security constraints in market clearing algorithms.”

3.3 Common evacuation infrastructure: Institutional barriers to system
visibility

The investigation revealed how fragmented ownership and governance of common
evacuation infrastructures (ICE) created institutional barriers that prevented effective pre-
event system assessment and post-event investigation. These barriers matter not because
human intervention could have stopped a 20-second cascade, but because they prevented
the system operator from identifying vulnerability before the crisis and understanding
failure mechanisms afterward.

The infrastructure configuration Spain’s renewable deployment over 25 years pro-
duced complex “Christmas tree” evacuation networks where dozens of generation facilities
from different owners connect to a single transmission network point through shared pri-
vate infrastructure (Government of Spain, 2025). These common evacuation infrastructures
involve intricate ownership arrangements: legal entities, business unions, or partnerships
formed by different generator users. The shared infrastructure may be managed by one
generator, a jointly-owned company, an entity without legal personality, or a third party.
Infrastructure owners typically subcontract operation and maintenance to engineering
tirms that control protections and measurements.

The institutional failure: Information asymmetry and system blindness The gover-

9The fundamental insight: market design interacts with institutional capabilities. Faster clearing intervals
are sustainable only with institutional frameworks that enable proportionally faster security assessment and
response. The Iberian case demonstrates the consequences when market efficiency advances faster than
operational capability evolves.
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nance structure created three critical institutional failures that prevented effective system
management:

Failure 1: Generator visibility gaps. Generators connected downstream lacked visibility
into conditions and operation of the evacuation infrastructure connecting them to the
transmission network. Multiple generators reported not knowing measurement data or
management information about the evacuation infrastructures to which they connect
(Government of Spain, 2025). This information asymmetry meant individual generators
could not assess their exposure to common-mode failures or coordinate protection settings
with other facilities sharing the same infrastructure.

Failure 2: System operator assessment constraints. The transmission system operator lacked
real-time telemetry from common evacuation infrastructure voltage measurements and
power flows. Without this visibility, the TSO could not identify that multiple generation
facilities sharing common infrastructure were simultaneously approaching overvoltage
protection thresholds. The system operator’s security assessment treated individual gener-
ation facilities as independent, missing the common-mode failure risk where overvoltage
in shared infrastructure would trigger simultaneous disconnection of multiple generators.

Failure 3: Investigation barriers. Following the blackout, fragmented governance delayed
and complicated the investigation. Identifying infrastructure representatives proved
difficult. Some ownership structures required obtaining consent from all partners before
sharing information with investigators. Several entities acknowledged lacking capacity
to compile and analyze requested data, requiring third-party contractors and providing
extended response timelines (Government of Spain, 2025).

The physical consequence: Unrecognized common-mode vulnerability These institu-
tional barriers prevented recognition that the three major Phase 2 disconnection events-
Granada (355 MW), Badajoz (727 MW), and Sevilla (550 MW)—all resulted from overvolt-
age in common evacuation infrastructure serving multiple renewable facilities (ENTSO-E,

2026).
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The Granada disconnection at 12:32:57 occurred ”due to overvoltage in the secondary
of the 220/400 kV transformer” within common evacuation infrastructure. The Badajoz
disconnections at 12:33:16 occurred “in the common evacuation infrastructure due to
overvoltage conditions.” The Sevilla disconnection at 12:33:17 occurred ”due to overvoltage
in the common evacuation infrastructure.”

Each common infrastructure created a single point of failure where overvoltage condi-
tions triggered coordinated disconnection of multiple generation facilities. The fragmented
governance structure prevented both ex-ante identification of this vulnerability and ex-post
rapid assessment of failure mechanisms.!’

The ex-ante institutional gap The governance failures mattered for pre-event system
configuration, not real-time crisis response. A 20-second cascade (12:32:57 to 12:33:18)
offers no opportunity for human intervention. However, proper governance frameworks
could have enabled several ex-ante interventions:!!

Coordinated protection settings. Clear responsibility allocation and technical requirements
for common infrastructure operators could have mandated coordination of overvoltage
protection settings among facilities sharing evacuation infrastructure. Staggered or coordi-
nated thresholds might have prevented simultaneous disconnection of multiple generators
from single overvoltage events.

Enhanced system visibility. Regulatory requirements for common infrastructure teleme-
try integration into TSO SCADA systems would have provided real-time visibility into
voltage conditions at critical collection points. The system operator could have identified

developing overvoltage conditions across multiple common infrastructures and imple-

mented preventive actions during the 11-minute window between oscillation damping

19Distributed photovoltaic systems exhibit correlated protection responses during major voltage distur-
bances, creating common-mode failure risks when sharing evacuation infrastructure. Mitigation requires
coordinated voltage control and energy storage integration (Stringer et al., 2020; Bin Hudayb et al., 2024;
Kdair Abd et al., 2024; Yu et al., 2024).

These ex-ante measures require institutional frameworks established before the crisis, not during the
20-second cascade itself. The policy implication focuses on governance structures that enable proper system
configuration, not faster crisis response.

20



(12:22) and cascade initiation (12:32:57).

Vulnerability identification. Adequate data access and technical capacity requirements
for infrastructure operators would have enabled security assessments that identified
common-mode failure risks. Standard N-1 contingency analysis treats generation losses as
independent events, but common evacuation infrastructure creates dependencies where
single voltage events trigger multiple simultaneous disconnections.

Policy implications: Governance frameworks for shared infrastructure The reforms
address these institutional gaps through regulatory frameworks for common evacuation
infrastructure:'?

Technical capacity requirements. Mandate minimum technical capabilities for entities
operating common evacuation infrastructure, including data collection, analysis capacity,
and coordination with system operator security assessments.

Telemetry integration obligations. Require common infrastructure voltage and power flow
measurements integrated into TSO SCADA systems, providing real-time visibility into
conditions affecting multiple generation facilities.

Responsibility allocation frameworks. Establish clear allocation of responsibilities among
generators sharing common infrastructure for protection coordination, data provision, and
emergency response planning.

Standardized information protocols. Create regulatory requirements for timely data provi-
sion to system operators and investigators, eliminating delays from governance complexity
or consent requirements.

The fundamental insight: shared physical infrastructure requires coordinated insti-
tutional frameworks. Market-driven private arrangements for common evacuation in-
frastructure created economically efficient deployment but failed to establish governance

structures enabling effective system security management. The policy solution addresses

12The investigation committee recommended: ”Develop specific regulations for shared infrastructure
including technical solvency requirements for operators, clear responsibility allocation among connected
generators, and enhanced coordination mechanisms” (Government of Spain, 2025). These reforms focus on
ex-ante institutional capacity, not crisis intervention speed.
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this through regulatory frameworks that mandate coordination, visibility, and technical

capacity while preserving the economic benefits of shared infrastructure.

4 Broader implications and conclusions

4.1 European coordination imperatives

The blackout reveals fundamental tensions in European electricity market integration
where efficiency objectives conflict with security requirements in peripheral systems.
European regulations mandating closer-to-real-time market clearing may conflict with
system operators’ needs for adequate security analysis time, particularly in systems with
limited interconnection like the Iberian Peninsula. The planned reduction to 30-minute
intraday gate closure would compress operational windows to timescales shorter than
standard security analysis procedures (15-30 minutes), creating systematic vulnerability in
systems that cannot rely on neighboring capacity during stressed conditions.

Current European grid codes require voltage control capabilities in renewable installa-
tions under EU RfG 2016/631, yet national regulatory frameworks often fail to utilize these
capabilities. The Spanish experience demonstrates coordination failure where technical
standards exist at the European level but implementation mechanisms remain fragmented
nationally. Portugal’s SCADA-integrated system for real-time renewable voltage control
contrasts with Spain’s email-based instruction system, illustrating how harmonization
gaps create vulnerabilities that propagate across synchronous areas regardless of local
institutional advantages.!® Research demonstrates that optimal coordination of renewable
voltage control reduces system service costs, decreases renewable curtailment, and lowers

CO; emissions compared to relying primarily on conventional generation (Zou et al., 2025;

13European harmonization should establish: standardized communication protocols for real-time voltage
setpoint transmission; harmonized compensation mechanisms recognizing voltage control as ancillary
services; coordinated monitoring frameworks enabling cross-border voltage control coordination; and
consistent compliance requirements ensuring effective service provision across member states.
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Kang et al., 2019; Alkuhayli et al., 2019; Pham et al., 2025).

The investigation recommends that European authorities review cost-benefit analysis of
quarter-hourly market implementation, considering system security implications alongside
economic efficiency gains. Current regulatory frameworks may not provide sufficient

agility for addressing rapidly emerging security challenges as power systems evolve.

4.2 Novel failure modes and analytical framework requirements

The systematic overvoltage cascade represents a novel failure mode emerging from
modern power system characteristics: high renewable penetration, complex market-driven
changes creating stressed base cases, sophisticated protection systems creating correlated
failure modes, and inverter-based generation with fast dynamics. Batlle et al. (2026) place
this failure mode in the broader context of Spain’s electricity system evolution, arguing
that decades of renewable expansion without commensurate reform of ancillary service
frameworks created structural fragility that the April 28 conditions exposed.

While the N-1 security criterion remains conceptually sound, standard implementation
practices prove insufficient. The initiating event (Granada transformer and generation
loss) could be studied within an N-1 framework, yet typical screening failed to identify
vulnerability because it overlooked: stressed pre-contingency conditions with elevated
voltages, correlated responses of multiple facilities sharing common evacuation infrastruc-
ture, inverter-based resource dynamics and protection settings, and rapid market-driven
power flow changes affecting system state.

System operators must expand analytical frameworks beyond traditional N-1 screening
methods. This requires: dynamic simulation capturing inverter-based resource behavior
and protection system interactions; security assessment examining stressed base cases
with elevated voltages, high renewable penetration, and reduced conventional generation;
explicit consideration of common-mode failures in shared infrastructure where multiple fa-

cilities disconnect simultaneously; and assessment of how distributed renewable resources
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respond collectively to system disturbances.!*

4.3 System evolution and recurrence risks

Recurrence risk remains elevated without comprehensive reform implementation.
Three critical risk categories persist:

Regulatory and institutional risks. Continued regulatory barriers preventing renewable
voltage control provision create persistent vulnerability as renewable penetration increases.
Without reforms enabling dynamic voltage support from renewable resources, the gap
between available technical capabilities and utilized capabilities will widen as conventional
generation retires. Recent analysis demonstrates that renewable energy integration without
adequate voltage control coordination and energy storage capacity substantially increases
blackout risk across European power systems (Fotis et al., 2025, 2023a,b).

System evolution risks. The Continental European synchronous system continues evolv-
ing through geopolitical developments that modify oscillatory characteristics and stability
dynamics. Russia’s invasion of Ukraine accelerated European energy policy responses
toward independence from fossil fuel imports while intensifying renewable deployment
(Kuzemko et al., 2022). Synchronization of Ukraine and Moldova (March 2022) and the
Baltic countries (February 2025) expanded the system’s geographic scope, creating new
inter-area oscillation modes (Iglinski et al., 2024). Peripheral regions with limited in-

terconnection capacity face particular vulnerability to amplified oscillatory phenomena

4The challenge intensifies as renewable penetration increases and conventional generation retires. With-
out enhanced modeling capabilities and broader scenario coverage, security assessments may systematically
underestimate vulnerabilities to novel failure modes. Similar events could occur in other European regions
facing comparable challenges: high renewable penetration, peripheral interconnection, rapid market evolu-
tion, and insufficient voltage control resources. Similar vulnerabilities appear in systems with high wind
penetration, where voltage stability depends critically on proper coordination of reactive power resources
and system strength (Akhmatov, 2005; Akhmatov and Eriksen, 2007; Dorile et al., 2021). The UK’s August
2019 blackout, though driven by frequency instability rather than voltage collapse, illustrates how distributed
generation protection settings and ride-through behavior can amplify cascading failures in systems with
reduced synchronous inertia (Bialek, 2020). These incidents reveal that coordination failures extend across
multiple stability domains, exposing gaps between technical capabilities and institutional frameworks for
their deployment.
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through whip effect dynamics, where small oscillations near system center generate large
movements at extremes.

Infrastructure governance risks. Complex ownership arrangements for common evac-
uation infrastructures create coordination failures that prevent ex-ante identification of
common-mode vulnerabilities. Generators connected downstream lack visibility over evac-
uation infrastructure conditions, creating blind spots in system awareness. Distributed
responsibility among multiple legal entities delays information flow and prevents effective

coordination of protection settings.

4.4 Implementation priorities and policy recommendations

The probability of recurrence decreases substantially with implementation of five
reform areas: mandatory renewable voltage control participation, real-time SCADA in-
tegration, compensation mechanisms, enhanced monitoring, and coordinated control
schemes.

Implementation timelines vary. Regulatory changes enabling renewable voltage control
can be implemented quickly, providing immediate system strengthening. Infrastructure
investments including synchronous compensators, FACTS systems, and enhanced inter-
connection capacity require medium to long-term horizons.

Priority should be given to measures providing immediate system strengthening:
regulatory changes enabling renewable voltage control services and enhanced compliance
supervision. Medium-term priorities include infrastructure investments and market
reforms requiring extensive coordination. Long-term strategic measures should be pursued
in parallel to ensure the power system evolves to meet future challenges while maintaining

reliability and affordability.!®

15 Implementing these recommendations provides multiple benefits beyond strengthening voltage control:
lower system service costs, reduced CO; emissions, decreased renewable curtailment, and new revenue
opportunities for various technologies through competitive service provision. This represents a situation
where addressing reliability concerns also improves economic efficiency by better utilizing existing technical
capabilities and reducing the need for costly thermal generation dispatch for technical reasons. The dual
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5 Conclusions

The April 28 Iberian blackout demonstrates that successful energy transition requires
not only technological deployment and market development but also fundamental evolu-
tion in institutional frameworks governing power system operations.

The investigation revealed three distinct institutional failures: control authority gaps
preventing TSO coordination of renewable voltage control capabilities, incentive mis-
alignment between hourly compliance frameworks and second-by-second stability re-
quirements, and enforcement failures allowing contracted thermal resources to provide
inadequate service. These failures created a coordination collapse where 24 GW of renew-
able voltage control capability remained unutilized despite technical feasibility.

The policy reforms address these failures through targeted interventions establishing
control authority via mandatory SCADA integration, aligning incentives through continu-
ous service provision with explicit compensation, and strengthening enforcement through
enhanced monitoring with credible penalties. Success requires building institutional infras-
tructure for control coordination, appropriate incentive design, and effective enforcement
across all generation types.

The rapid restoration of 99.95% of supply within 19 hours demonstrates the value of
robust emergency procedures alongside system modernization. The committee’s com-
prehensive analysis provides essential guidance for power systems navigating similar
challenges of renewable integration, market evolution, and operational complexity during

rapid decarbonization.

imperative of enhancing energy independence while managing complex power system dynamics requires
institutional frameworks that balance market efficiency objectives with physical system security requirements
(Gerlich, 2024).

26



References

Aguiar, G. (2025). O que causou o apagdo? a inércia (mas ndo a que pensam). Eco Sapo. Accessed:

2025.

Akhmatov, V. (2005). Voltage Stability of Large Power Networks with a Large Amount of Wind
Power. Wind Engineering, 29(5):421-430.

Akhmatov, V. and Eriksen, P. B. (2007). A Large Wind Power System in Almost Island Operation—A

Danish Case Study. IEEE Transactions on Power Systems, 22(3):937-943.

Alkuhayli, A., Alquthami, T., and Husain, I. (2019). Reactive Power Reserves Management by DGs
for Voltage Stability Enhancement: A Case Study. In 2019 IEEE Milan PowerTech, pages 1-6. IEEE.

Batlle, C., Barruso, M. A., Rodilla, P., and Canoyra, A. (2026). The enlightening blackout in Spain.

Joule.

Bialek, J. (2020). What does the gb power outage on 9 august 2019 tell us about the current state of

decarbonised power systems? Energy Policy, 146:111821.

Bin Hudayb, K. A., Al-Shaalan, A. M., and Hussein Farh, H. M. (2024). Mitigation of Photovoltaics

Penetration Impact upon Networks Using Lithium-Ion Batteries. Sustainability, 16(16):7141.

Ceylan, O., Paudyal, S., and Pisicay, I. (2021). Analysis of Local and Centralized Control of PV
Inverters for Voltage Support in Distribution Feeders. In 2021 IEEE Power & Energy Society General
Meeting (PESGM), pages 1-5. IEEE.

Davi-Arderius, D. and Jamasb, T. (2026). Measuring a paradox: Zero-negative electricity prices.

Utilities Policy, 98.

Dorile, P. O., Jagessar, D. R., and McCann, R. (2021). Security of a Power System Under High
Penetration of Wind Energy Considering Contingencies and Stability Margins. Student Conference

on Research and Development.

ENTSO-E (2026). Iberian blackout 28 april 2025. Factual report, European Network of Transmission

System Operators for Electricity.

27



Fotis, G., Maris, T. I., and Mladenov, V. (2025). Risks, Obstacles and Challenges of the Electrical

Energy Transition in Europe: Greece as a Case Study. Sustainability (Switzerland), 17(12).

Fotis, G., Pavlatos, C., and Vita, V. (2023a). Power System Control Centers and Their Role in the

Restoration Process after a Major Blackout. WSEAS Transactions on Power Systems, 18:57-70.

Fotis, G., Vita, V., and Maris, T. I. (2023b). Risks in the European Transmission System and a Novel
Restoration Strategy for a Power System after a Major Blackout. Applied Sciences (Switzerland),

13(1).

Gerlich, M. (2024). Brace for impact: Facing the Al revolution and geopolitical shifts in a future
societal scenario for 2025-2040. Societies, 14(9):180.

Government of Spain (2025). Versiéon no confidencial del informe del comité para el andlisis de
las circunstancias que concurrieron en la crisis de electricidad del 28 de abril de 2025. Technical
report, La Moncloa. Non-confidential version of the report of the Committee for the Analysis of

the Circumstances that led to the electricity crisis of April 28, 2025.

Iglinski, B., Kielkowska, U., Mazurek, K., Druzynski, S., Pietrzak, M. B., Kumar, G., Veeramuthu, A.,
Skrzatek, M., Zinecker, M., and Piechota, G. (2024). Renewable energy transition in europe in the

context of renewable energy transition processes in the world. A review. Heliyon, 10(24):e40997.
INESC TEC (2025). Retrospetiva e Li¢des de um Apagao. Technical report, INESC TEC.

Kang, S., Kim, J., Park, J.-W., and Baek, S.-M. (2019). Reactive Power Management Based on
Voltage Sensitivity Analysis of Distribution System with High Penetration of Renewable Energies.
Energies, 12(8):1493.

Katigbak, J., Kang, D., and Song, H. (2023). Analysis of overvoltage reactive power margin for

future power systems with renewable energy generation. Energy Reports, 9:962-970.

Kdair Abd, M., Imran, R. M., Kamal, L. E, Mahmood, F. E., and Flaih, F. M. F. (2024). Voltage
and Reactive Power Control Approach to Address Over-Voltage Issues in High PV Penetration

Networks. International Journal of Electrical and Electronics Research, 12(4):1440-1448.

28



Kuzemko, C., Blondeel, M., Dupont, C., and Brisbois, M. C. (2022). Russia’s war on ukraine,
european energy policy responses & implications for sustainable transformations. Energy Research

& Social Science, 93:102842.

Mahdavi, S. and Dimitrovski, A. (2019). Coordinated Voltage Regulator Control in Systems with
High-level Penetration of Distributed Energy Resources. In 2019 North American Power Symposium

(NAPS), pages 1-6. IEEE.

National Renewable Energy Laboratory (2025). Preliminary analysis of the april 28, 2025 iberian
peninsula blackout. Technical report, NREL.

Pham, N. H., Kuzetsov, O. N., and Doan, C. T. (2025). Impact of High Photovoltaic Penetration on
the Voltage Stability of Vietnam’s Power System. In 2025 7th International Youth Conference on

Radio Electronics, Electrical and Power Engineering (REEPE), pages 1-5. IEEE.

Red Eléctrica de Espafia (2000). Procedimiento de operacién P.O. 7.4: Control de tensién en la red

de transporte. Procedimiento de Operacién P.O. 7.4, Red Eléctrica de Espafia, Madrid, Spain.

Red Eléctrica de Espafia (2025). Informe del incidente acaecido en el sistema peninsular espafiol el

dia 28 de abril de 2025. Incident report, Red Eléctrica de Espafia.

Rouco, L., Echavarren, F. M., and Lobato, E. (2026). The overvoltage-driven blackout of the Iberian

Peninsula on 28th April 2025. Sustainable Energy, Grids and Networks, 45.

Shun-Hsien Huang, Schmall, J., Conto, J., Adams, J., Yang Zhang, and Carter, C. (2012). Voltage
control challenges on weak grids with high penetration of wind generation: Ercot experience. In

2012 IEEE Power and Energy Society General Meeting. IEEE.

Stringer, N., Haghdadi, N., Bruce, A., Riesz, J., and MacGill, I. (2020). Observed behavior of
distributed photovoltaic systems during major voltage disturbances and implications for power

system security. Applied Energy, 260:114283.

Till, J., You, S., Liu, Y., and Du, P. (2020). Impact of High PV Penetration on Voltage Stability. In
2020 IEEE/PES Transmission and Distribution Conference and Exposition (T&D), pages 1-5. IEEE.

29



Yu, L., Zhao, B,, Xi, G., Zhang, J., Cheng, S., Sun, W., Ma, J., and Sun, Q. (2024). Analysis of
the Influence of System Strength on Transient Overvoltage for Power Systems with Renewable
Energy Sources. In 2024 IEEE 3rd International Conference on Electrical Engineering, Big Data and
Algorithms (EEBDA), pages 652-656. IEEE.

Zou, Y., Zhou, Y., Wen, Y., and Liu, X. (2025). Dynamic Reactive Power Allocation Optimization
Considering Effectiveness under High Penetration of Renewable Energy. In 2025 6th International
Conference on Electrical, Electronic Information and Communication Engineering (EEICE), pages

387-394. IEEE.

30



	Introduction
	Chronology of the blackout event
	System diagram and event localization
	Timeline of critical events
	Pre-Event system conditions and voltage evolution

	Policy context and implications
	Disentangling the institutional failures
	Market structure, operational response, and voltage vulnerability
	Common evacuation infrastructure: Institutional barriers to system visibility

	Broader implications and conclusions
	European coordination imperatives
	Novel failure modes and analytical framework requirements
	System evolution and recurrence risks
	Implementation priorities and policy recommendations

	Conclusions

