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THE EUROPEAN CONTEXT

In January 2025, ENTSO-E, the European Network of
Transmission System Operators for Electricity, issued the
second phase of their “Project Inertia”. This project was
developed to assess and enhance the resilience of the
Continental European (CE) interconnected transmission
system to withstand system splits' under future scenarios,
given the threat of reduced total system inertia and increased
power transfers through the electricity system.

The reduced system inertia is a natural consequence of
the lower number of directly connected rotating masses of
synchronous rotating machines — such as gas turbines, nuclear
and coal-powered generators - that act as a buffer for the
grid to help regulate frequency and voltage. The stability
support traditionally granted by these generators is no longer
available in an almost exclusively Renewable Energy Source
(RES) dominated system. Furthermore, there is an increasing
volume of new loads (e.g., data centers, heat pumps, electric
vehicles (EVs), etc.) that affect the grid frequency and voltage
fluctuations. This exposes the electricity system to the risk of

being unable to withstand out-of-range events, consequently,
power outages and blackout events are also affecting
traditionally stable grids, as shown in Figure 1.

These challenges, increasingly observed in European power
systems with high shares of variable renewable generation,
provide important lessons for grid development in countries
of the Africa region. Rather than replicating legacy network
architectures, African power systems can integrate
resilience-by-design principles from the outset, including
grid-forming inverters, distributed flexibility, storage, stronger
interconnections where feasible, and digital control systems
capable of maintaining stability under high renewable
penetration. In this sense, the difficulties currently faced in
Europe can be reframed as a source of practical experience
for countries in the Africa region, where rapidly expanding
electricity access and renewable deployment create the
possibility to build power systems that are both more
sustainable and inherently more adaptable to low-inertia
operating conditions.

Biggest blackouts since 2000 analysis
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Source: GE Vernova power outages research

Figure 1. World’s 20 biggest blackouts between 2000-2025

Historically, the lack of resilience? due to inertia was not
an issue, and system resilience against frequency and
voltage related consequences of system splits provided by
readily available inertia was free. Today and in the future,

maintaining this resilience requires investments in either
dedicated network assets or the technical capability of
third-party assets, which must be applied in a balanced and
efficient manner.

1 A system split is a severe disturbance that results in a separation of the interconnected CE transmission system into two or more isolated subsystems. In the context of Project Inertia,

two split subsystems were considered.

2 Resilience is the systems capability to conditionally maintain frequency stability by limiting the speed and magnitude of frequency variations in case of system splits, preventing

blackouts and enabling the recovery of the normal state of operation.
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THE 2025 IBERIAN BLACKOUT IN GONTEXT

On a clear April 2025 afternoon, large parts of Spain and
Portugal experienced a sudden, widespread blackout.

The event was not triggered by storms or cyber attacks,
but by a technical challenge at the heart of the modern
energy transition: voltage instability. Spain, a front runner in
renewable integration, had demonstrated that high shares
of wind and solar are possible but under these conditions,
rotating machines are displaced by power electronics grid-
interfaced variable renewable energy plants reducing system
inertia, voltage support and short circuit currents. For utility
engineers and decision-makers, the lesson is clear...voltage,
not just frequency, is now a critical parameter in the reliable
operation of power systems.

The 2025 Iberian Blackout:
Sequence of Events

On 28 April 2025, at 12:33 p.m., the Iberian Peninsula’s power
system experienced a cascading failure. Within seconds, 15
GW of load (about 60% of Spain’s demand) was lost. The
blackout lasted up to 18 hours in some areas, halting transport,
communications, and daily life. Notably, the event occurred

on a sunny day with low demand and high solar generation.
Several key transmission lines were out for maintenance,
reducing grid redundancy.
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The initial trigger was a sudden downwards change of
operating point of generation units without ramping limitation
representing 208MW from wind and solar generation facilities
at the Huéneja substation in Granada, an area with significant
wind and solar capacity. This was followed by the trip due

to overvoltage of a transformer connected to the 400KV

line and with an active power flow of 355MW from wind and
solar plants at the time of the event; the high voltage and low
frequency profiles in the Spanish transmission system led to
further generation trips in Badajoz and Seville, leading to a
rapid loss of 2.2 GW of generation. Automated protections
responded by disconnecting solar plants and, in some cases,
conventional units. The AC interconnection with Morocco
tripped due to underfrequency, and the AC interconnection to
France was lost, leading to a system split between the Iberian
Peninsula and the Continental Europe Synchronous Area (CE
SA) due to a loss of synchronism relay intervention®.

The following figure depicts in blue, the net load increase
(event 1) and accumulated generation loss in the Iberian
Peninsula system and in orange, the maximum voltage profile
on the 400kV network.
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Figure 2. Accumulated generation loss combined with net load increase (event 1) in the Iberian Peninsula system vs 400Kv maximum voltage.
Dotted lines represent the three main generation events (event 3, event 4 and event 5) ENTSO-E.

3 https://www.entsoe.eu/news/2026/03/20/entso-e-publishes-expert-panel-final-report-on-28-april-2025-blackout-in-spain-and-portugal/
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The disturbance cascaded through the network, resulting
in a widespread blackout. Unlike typical grid failures driven
by under-frequency, this was a voltage-driven cascade; a
scenario that is becoming more relevant as inverter-based
resources increase.

Spain’s Renewable Expansion and
New Grid Dynamics

Spain’s commitment to renewables has been remarkable.
Already in early 2025, renewables regularly supply over half
of the country’s electricity, with peaks nearing 70%. This
shift, driven by abundant solar and wind resources, brings
environmental and economic benefits, resulting in some of
Europe s lowest energy prices. However, it introduces new
operational complexities. The traditional power system built
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around dispatchable on demand sources such as thermal
and hydro plants, now faces rapid fluctuations in renewable
output, periods of excess generation during low demand, and
a marked reduction in system inertia.

Maintaining grid stability under these conditions is increasingly
challenging. The balance between supply and demand must
be managed in real time, with robust infrastructure and control
systems. As Spain’s renewable share has grown, grid operators
observe more frequent anomalies such as unusual frequency
oscillations and, crucially, voltage fluctuations. These issues
became pronounced during periods of weak interconnection
with the rest of Europe, signaling that the system was
operating close to its stability limits.
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Figure 3. Spain’s power generation mix on April 28, 2025

Key Stability Issues Highlighted by the Event

Drawing on the official ENTSO-E incident final report*
published on March 26th, 2026, we can point to the following
factors as strong contributors to this event:

a. System Inertia:

Periods of high wind and solar output can reduce the number
of synchronous machines operating on the system, lowering
aggregate inertia and changing how the grid responds to
disturbances. Reduced synchronous online capacity can also
diminish fault current contribution and dynamic voltage support,

both of which are important in high-IBR systems such as Spain’s.

This does not imply that renewable generation alone causes
instability. Rather, it highlights that when synchronous
resources are displaced, the system must ensure that
equivalent stability services are available from other assets,
controls, or operating measures.

b. Reactive Power and Voltage Control:

Voltage stability relies on effective reactive power management.
Traditionally, synchronous generators, condensers, and dynamic
compensators provided this service. During the blackout, 22%
of renewable plants failed to meet voltage control requirements.
Some plants did not respond as contracted, and others injected
rather than absorbed reactive power. The result was insufficient
dynamic voltage capacity, allowing voltage deviations to escalate.

With regards to voltage control, it is important to point out

that ENTSO-E 's report® highlights that existing voltage control
mechanisms were unable to handle voltage fluctuations

but there is an important factor that needs to be observed.
Renewable energy sources were unable to participate to help
stabilize the grid, as they were operated almost entirely in fixed
power factor mode, providing no dynamic voltage response as
mandated by the existing grid code.

4 Grid incident in Spain and Portugal on 28 April 2025 _ICS Investigation Expert Panel Final Report.

5 Grid incident in Spain and Portugal on 28 April 2025 _ICS Investigation Expert Panel Final Report.
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Following the blackout, on June 12, 2025, an update to this
procedure was done to allow renewable energy sources to
participate in dynamic voltage control services. This change
permits both asynchronous generators (like solar and wind)
and synchronous ones to offer reactive power and voltage
control to the grid, with the goal of improving system stability
and preventing blackouts. The service is scheduled to go into
effect in early 2026, and a marketplace mechanism will be
introduced to procure additional reactive power capacity.

The update expands voltage control services in the power
system by allowing renewable generators, such as solar and
wind farms, to participate alongside traditional synchronous
plants like gas and nuclear. This interaction will demand
additional flexibility from thermal assets as fast flexible
operation and high cyclic capacity with no maintenance
impact will be a must in renewable energy saturated grid
nodes. Renewable plants can apply to provide dynamic
voltage control, demonstrating their capability through
either reactive power or voltage setpoint control. A new
marketplace-based mechanism will enable Red Electrica®
to procure additional reactive power capacity, incentivizing
investment in voltage control technologies and aligning

EU regulations. The revised framework emphasizes
performance-based contributions from all technologies,
maintaining the requirement for conventional plants to
provide or absorb reactive power equivalent to 30% of their
maximum power while maintaining their flexibility for power

delivery to the grid together with high simple cycle efficiency.

The service is expected to become active in January 2026
and is complemented by broader grid resilience measures,
including embedded gas generation with fast & flexible
assets, enhanced energy storage, improved demand-side
management via aggregators, and simplified rules for smaller
storage facilities.

These changes aim to strengthen the resilience and stability
of the Spanish electricity system as it integrates more
renewable energy.

c. Operational Coordination and Protection Settings:
Automated protection schemes, such as over-voltage trips,
were not optimized for high-renewable scenarios. Many solar
farms disconnected as designed, but the collective effect
worsened the situation. Marketplace and operational rules had
not fully adapted to the realities of a renewable-rich grid, and
there were no incentives for thermal plants to remain online

in a support role. Maintenance scheduling further reduced
system resilience.

% Red Electrica is a subsidiary of REDEIA and the Spanish TSO.

LESSONS LEARNED AND
RECOMMENDATIONS

Spain’s blackout offers valuable guidance for utilities, engineers
and grid operators designing the grids of the future:

I. Maintain Sufficient Inertia (Real or Synthetic):

Grid operators must aim to ensure a baseline of inertia,
especially during high-renewable, low-demand periods. This
may require keeping some synchronous generators online /
deploy fast start synchronous generators, using synchronous
condensers, or deploying grid-forming inverters and battery
systems capable of providing synthetic inertia.

Il. Strengthen Voltage Control and Reactive Power Support:
All generators, including renewables, should meet high
standards for reactive power and voltage regulation.
Additional compensation devices (such as static synchronous
compensators (STATCOMSs) or capacitor banks) may be
needed. Continuous monitoring and coordination are
essential to provide adequate reactive reserves.

lll. Update Grid Operating Rules and

Marketplace Mechanisms:

Grid codes and marketplace structures should be revised
to value stability services, not just energy. Ancillary service
markets for inertia and reactive power, capacity payments,
and revised protection settings are necessary. Maintenance
schedules must consider system stability margins, with
additional safeguards during planned outages.

IV. Increase Flexibility and Fast Response Capabilities:
Invest in fast-ramping resources, including fast starting
thermal assets such as aeroderivative gas turbines and
batteries to respond quickly to disturbances. Advanced
control systems and automation can detect and contain
anomalies before they escalate.

V. Strengthen Interconnections and Regional Coordination:
Robust interconnections with neighboring grids provide
mutual support and resilience. Harmonizing grid codes

and coordination protocols across regions ensures rapid
assistance during system stress.

VI. Preserve Reliability During the Transition:

A balanced energy mix remains important. As conventional
plants retire, equivalent grid support services must be
provided by new technologies or alternative resources.

VII. Invest in Smart Grid Technologies:

Wide-area monitoring, real-time analytics, and automated
controls enhance situational awareness and response.
Modernizing grid infrastructure is essential for managing the
complexities of high-renewable systems.
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HOW AERODERIVATIVE
SOLUTIONS FITINTO A BROADER
GRID-FIRMING PORTFOLIO

Historically, large synchronous generators contributed not
only energy and capacity, but also many of the services
required to keep the grid stable—such as inertia, reactive
power, voltage control, system strength, black start, and
operating reserves. Because these services were often
provided inherently, marketplace structures did not always
price them explicitly

Specifically, these services are capabilities rather than
capacities: inertia to slow frequency deviations, fast
frequency response to arrest frequency drops, voltage
and system strength support, dispatchable flexibility from
fast-ramping or peaking units, black start and restoration
capabilities, and location specific grid forming behavior.
These crucial services can collectively be described as
system attributes or essential reliability services.

Energy-only marketplace structures do not incentivize
attributes such as fast ramping capability or inertial support,
while traditional capacity mechanisms often treat all megawatts
as equivalent regardless of their contribution to stability.

AERO Gas turbine
with synchronous

Stand-alone
synchronous

Organizations across the power sector are increasingly
recognizing the need to move beyond existing marketplace
constructs. While some jurisdictions have begun exploring new
approaches, progress remains uneven, and integration with
long-term planning and system needs is often insufficient.

GE Vernova offers a comprehensive range of products

that provide grid stabilizing services such as synchronous
condensers, battery storage, power electronics technologies
and gas turbines. In this last family of products, the family of
aeroderivative gas turbines stands out configured for flexible
operation, capable of fast frequency response, spinning
reserve and voltage support, while offering dispatchable
system services that complement variable renewables.

With minor or no mechanical modifications - depending on
the model range - they can also operate as synchronous
condensers when not generating power, providing inertia and
reactive power support without burning any fuel.

Table 1 below is a heat map of the grid stabilizing
services offered by aeroderivative (AERO) gas turbines
with synchronous condensing, standalone synchronous
condensers, grid-forming inverters plus batteries and grid
following inverters plus wind or solar.

Grid forming inverter

Grid following inverter

. + battery + wind or solar
condensing condenser
Reserve capacity Long duration No Short duration Variable
. . . . Synthetic with wind
Inertia High High Synthetic turbines
System strength . . - -
(fault current) High High Limited Limited
Voltage support High High High Limited
Frequency Control Response in power Very fast response
Ancillary services engration mpode No ca );bilit P Limited
(FCAS) 9 pability
System Restart
Ancillary Services High No Limited No

(SRARS)

Table 1. Overview of system strength services. This table provides an indicative comparison only. Actual performance depends on equipment
design, controls, network conditions, connection point, and marketplace framework
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Interest in aeroderivative gas turbines with synchronous
condensing capability is growing in systems that require both
dispatchable power and stabilizing services. In some cases,
retrofits may provide an alternative to installing stand-alone
synchronous condensers, although the relative economics
and technical benefits depend on the application. More
broadly, deployment of these capabilities will depend on
marketplace structures that recognize and compensate for
the underlying reliability services being provided

To support new capital investment, utilities and TSOs should
define technical requirements based on system needs
rather than technology labels. Depending on the application,
desirable attributes may include:

e High Power Density.

* Low Voltage Ride Through:
— Voltage protection set to alarm only, no trip.
— LVRT events < 0.5 sec.

FAST &

e Frequency Variations:
— Frequency protections set to alarm only, no trip.
— Governor and AVR will maintain +/- 0.5% variation
during operation.

e Black Start Operations.
e Minimum Load Operation.

e Stability in high IBRs (Inverter Based Resources)
penetration systems.

e Excellent Pairing with BESS / BESS:
— Can do seconds to minutes balancing and turbines can
do minutes to hours balancing — Thermal Hybrids.

* Synchronous condensing capability.

GE Vernova Aeroderivative Gas Turbine solutions* can provide
the above with reduced installation and commissioning cost
due to the modular configuration that reduces deployment
uncertainty. In a nutshell, when searching for fast, flexible,
stable, reliable and modular solutions these units can succeed
in providing embedded power supply as well as grid firming
services with reduced running costs.

* 5 minutes start from cold iron
« Flexibility and high cyclic life that enables multiple start/stops

without maintenance penalties

Black Start

FLEX'BLE T“’ No RoCoF trip point, only alarm

No trip point for under frequency

Multi-shaft, capable of handling large frequency and voltage excursions

STABLE C%& High ramp rates 50MW/min

» Frequency regulation and spinning reserve

REL'ABLE y « Synch condenser capability for tertiary frequency control
= - Hybrid Operation with BESS / Renewables / Microgrids

» SC efficiency and a high turndown ratio

MODULAR Lower CAPEX, shorter project cycle, smaller capacities

Fast deployment — mobile power
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This technology has already demonstrated its value in
power systems worldwide by enabling high levels of
renewable penetration while maintaining grid stability.
Examples include the conversion of an LM2500 unit on the
island of Kauai to operate as a synchronous condenser once
renewable energy penetration exceeded 50%, providing
essential reactive power absorption; and the Sentinel 800
MW LMS100 power plant in California, which helps deliver
daily fast-start capability ranging from 50 MW to 800

MW alongside critical ancillary services such as spinning
and non-spinning reserves. Building on this proven track
record, GE Vernova announced that Dominion Energy’s

52 MW Bushy Park Combustion Turbine facility in South
Carolina entered commercial operation in November 2024,
marking the first global deployment of the LM600OVELOX*
packaged aeroderivative gas turbine solution. Introduced in
2023, the LMB600OOVELOX* package reduces installation and
commissioning time by up to 40%, lowers project costs, and
replaces older peaking units while providing high operational
flexibility, including fast start, dual-fuel operation,
synchronous condensing, and black-start capability, all
while supporting intermittent solar generation with lower
emissions performance’.

The 2025 Spanish blackout demonstrates that grid stability
in the age of renewables requires new approaches. Voltage
management, not just frequency control, is now a central
challenge. By adapting operational practices, investing in
advanced technologies, and updating marketplace rules,
utilities can help ensure that the transition to cleaner energy

does not compromise reliability. For power systems in
countries in the Africa region, these lessons are particularly
valuable. As many countries expand electricity access and
integrate large shares of solar, wind, and distributed energy
resources, they have the opportunity to design grids that
incorporate resilience and flexibility from the outset, rather
than retrofitting legacy systems later. This includes planning
for grid-forming capabilities, storage integration, digital
monitoring and control, and stronger coordination between
centralized grids, weak networks, and mini-grids. Spain’s
experience is a reminder that the future grid must be as
resilient as it is sustainable. For engineers and decision-
makers, the path forward is clear: embrace innovation,
prioritize stability, and ensure that renewable growth is
matched by robust grid management; — not only in Europe,
but also in countries in the Africa region, where the energy
transition offers a unique chance to build cleaner, more
reliable, and more adaptable power systems from the
ground up.

At GE Vernova, we 're committed to help deliver innovative
solutions that help utilities navigate complexity, strengthen
resilience, and build a more reliable grid for the future.

GE Vernova’s portfolio—including aeroderivative gas
turbines, HVDC systems, FACTS technologies, synchronous
condensers, and digital grid solutions—can contribute to
these needs in different ways depending on the application.
In this context, aeroderivative solutions are particularly
relevant where customers require both rapid dispatchable
power and dynamic grid support.

Figure 3. LMB60O0OOVELOX* Package in Dominion Bushy Park

7 https://www.gevernova.com/news/press-releases/ge-vernova-announces-first-commercial-operation-its-Im6000velox-package-dominion
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