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Technical Education.
Career Development.
International Networking.
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Visit www.stle.org/
annualmeeting for
the latest updates
and to register.

Save $100 with

early bird pricing! i

Deadline is March 20. \i
il

80th STLE Annual Meeting & Program Highlights:
Exhibition: Innovating Through
Tribology & Lubrication ¢ 9 Lubrication-Specific Education Courses

May 17-21, 2026 * Trade Show
Hyatt Regency New Orleans
New Orleans, Louisiana (USA)
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e Commercial Marketing Forum
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A SECOND WIND:
REIMAGINING
WIND’S FUTURE

Repowering is more than just an industry
trend; it is a foundational strategy for
energy maturity.

DYNAMIC RELIABILITY ESTIMATION
OF WIND-TURBINE GEARBOXES

This study presents a novel method to improve
the reliability estimation of wind-turbine
gearboxes by using real-time measurements of
the operating conditions. 16
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”» CONVERSATION

Dr. Bharat Singh with Aditya Birla
Advanced Materials discusses how

his company’s development of
Recyclamine is fundamentally different
from conventional turbine epoxies. 22
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Oceantic
Network

OCEANTIC

NETWORK

The new name for
Business Network
for Offshore Wind.

We will inspire the world
to harness diverse sources of
clean, ocean-based energy.

Our members will continue
building a robust offshore
wind supply chain.

We will proudly host our
world-renowned
International Partnering
Forum —the annual IPF.

Wave “Hello,” and visit us at:
oceantic.org
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FROM THE EDITOR

Recent offshore ruling signals hope

t’s no secret that the Trump administration has an unhealthy obsession with
| renewables, particularly wind. It has been trying to dismantle and stop wind
projects since Trump’s inauguration.

But it’s always nice to see a little hope and common sense bleed through
the petty insanity.

Last month, a U.S. judge for the Boston District Court allowed Vineyard
Wind to resume work after the administration suspended the project lease
and paused construction in December.

The judge said the order was “likely arbitrary and
capricious,” noting that the issues raised by the gov-
ernment pertained to wind-farm operations, not con-
struction, and the order would cause irreparable harm
to the project and its developer if allowed to continue,
according to the Oceantic Network.

Vineyard Wind is 95 percent complete and will pro-
vide 800 MW of power generation to Massachusetts.
The project’s supply chain stretches across 37 states
and has driven more than $1.6 billion worth of invest-
ments, according to the Oceantic Network. A steel supply chain from Massa-
chusetts to Louisiana has bolstered vessel construction, supported turbine
installation, and supplied onshore high voltage cables that are already sending
572 MW of much-needed power from the project to the Massachusetts grid.
More than 30 vessels are supporting Vineyard Wind, built or retrofitted by
shipyards in Alabama, Connecticut, Florida, Louisiana, Massachusetts, Rhode
Island, and Virginia, and operated by East Coast and Gulf-based operators. Ac-
cording to arecent report, more than 3,700 people have worked on the project
since development began, exceeding local hiring goals, with more than 70
percent of union labor coming from Southeastern Massachusetts.

This latest ruling follows recent industry court victories against the admin-
istration’s attempts to slow down offshore wind. Coastal Virginia Offshore
Wind, Empire Wind, and Revolution Wind were allowed to resume work after
injunction requests were granted against the administration’s lease suspen-
sion and stop construction order issued December 22, 2025. In December, a
federal judge vacated the administration’s previous permitting pause, ruling it
unlawful. Sunrise Wind (924 MW) is still subject to the construction pause and
lease suspension, with a hearing that was scheduled for February 2, according
to the Oceantic Network.

U.S. dominance over energy production can’t be shoehorned into fossil
fuels. We can’t afford to leave any U.S.-produced energy out of the mix.

Renewable energy has fought the good fight before, and will continue to do
so. Stay safe and healthy out there, and, as always, thanks for reading!

Kenneth Carter, editor

Wind Systems magazine
edifor@windsystemsmag.com
(800) 366-2185, ext. 204
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lllinois governor signs
landmark storage bill

From American Clean Power

recently celebrated Illinois Gov. ].B. Pritzker’s

signing into law The Clean and Reliable Grid
Affordability Act (CRGA), a bipartisan measure to
lower energy costs, strengthen grid reliability, and
accelerate the state’s ongoing transition to Ameri-
can-made clean energy.

At a time of rapidly growing electricity demand
and increasing system costs nationally, CRGA rep-
resents one of the most significant new state-level
grid and energy storage policies in the country. The
law provides a durable framework for Illinois and a
model for other states on how to deploy proven grid
solutions that improve reliability and reduce price
volatility for Illinois consumers.

CRGA creates Illinois’ first energy storage pro-
curement program to procure 3,000 MW of energy
storage capacity by 2030 and aligns storage siting and
permitting requirements with existing wind and so-
lar standards. CRGA also establishes the state’s Virtu-
al Power Plant (VPP) initiative, which pools existing
resources — such as solar panels and batteries — to
send stored power back to the grid during periods
of high demand. These measures are anticipated to:

¥ Deliver nearly $13.4 billion in energy-bill sav-
ings statewide over 20 years.

¥ Reduce peak-hour costs in the near term with-
out building new power plants.

V" Create consistent siting requirements for en-
ergy-storage projects rooted in best practices and
standards from fire safety experts.

Ilinois ranks among the top 10 states for installed
clean-energy capacity. With CRGA, the state aims to
further expand that leadership by creating new ener-
gy-sector jobs, strengthening manufacturing supply
chains, and ensuring stable, reliable power for the
state’s growing economy.

CRGA offers benefits across sectors:

¥ Forfamilies: Near-term savings on monthly bills
and long-term stability in energy prices.

¥ For small businesses: Cost stability and en-
hanced grid resilience that protects against power
disruptions.

The American Clean Power Association (ACP)

T —— American Clean Power is the voice of
AMERICAN companies from across the clean-

C L E A N power sector that are powering
PQW E R America’s future. For more information,

go to www.cleanpower.org

EXPERTIS
Wi IR UUR

REAUL

Have a wind-energy
article with an
informational or
educational angle?
Let Wind Systems
publish it.

Each issue, Wind Systems
offers its readers the
latest, most valuable
content available

from companies and
institutions, as well as
critical thoughts on what
this information means
for the future of the wind-
energy industry.

Our readers want your
expertise and we want to

share it.

\

Wind Systems is your trusted source for
information and technical knowledge
about the wind-energy industry.

Contact the editor, Kenneth Carter, at
editor@windsystemsmag.com for how you
can share your expertise with our readers.
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Scotland bank invests in Renewco

The Scottish National Investment Bank
has invested 20 million pounds in Re-
newco Power, a Glasgow-headquar-
tered renewable energy developer, via
a fund managed by Corran Capital, a
specialist private equity firm focused
on clean energy and the environment.
The Bank joins existing investor, SSE
plc, which has committed an addi-
tional 9 million pounds as part of the
round.

This latest investment will be used
to advance Renewco’s wind and solar
projects throughout Scotland and the
UK. while further accelerating the
transition to clean energy across its
key European markets.

Established in 2021 by a team of
highly experienced and entrepreneur-
ial renewables and finance executives,
Renewco has developed a diversified
pipeline of more than 7 GW across
solar, onshore wind, battery storage,
and green hydrogen projects. The busi-
ness employs 38 people at its offices in
Glasgow, Edinburgh, London, Madrid
and Milan, with Scotland being home
to the largest renewables development
team in the business.

“This investment is a strong endorse-
ment of the team and quality of our
project pipeline that we have assem-
bled over the last five years,” said Gavin
McCallum, Renewco CEO. “We are
proud to be a Scotland headquartered
business, and the Bank is a natural fit
to support us on our growth journey.
This investment allows us to remain
at the forefront of renewable energy in
Scotland and significantly contribute
to the country’s net zero ambitions.”

The Bank is Scotland’s development
bank and an impact investor. Its in-
vestments support Scottish businesses
and projects with the aim of delivering
both commercial returns and societal
benefits. “The strength of Renewco’s
Scottish project pipeline reflects the
wealth of opportunity and potential in
our renewable energy industry,” said
Ross Dobbie, the bank’s investment
director. “The Bank’s investment will
help to unlock this potential and accel-
erate the development of new capacity
across Scotland.”

“Renewco is an impressive home-
grown Scottish business success story
which we have been proud to back
from Day 1,” said Gary Le Sueur, Cor-
ran Capital partner.

MORE INFO www.renewcopower.com

GlobalData: Turbine
market to reach
934.6 GW in 2030

The global wind energy market is en-
tering its strongest growth phase to
date, driven by accelerating national
decarbonization targets, energy secu-
rity needs and long term industrial
strategies. The aggregate installations
are expected to reach 934.6 GW in
2030, forecasts GlobalData, a leading
intelligence and productivity platform.

GlobalData’s latest report, “Wind
Turbines Market Size, Share and Trends
Analysis by Technology, Installed Ca-

pacity, Generation, Key Players and
Forecast, 2024-2030,” reveals global
annual wind turbine installations to-
taled 115.3 GW in 2024. Onshore wind
accounted for 91.8 percent of installa-
tions, with offshore wind representing
the remaining 8.2 percent.

“The Asia-Pacific (APAC) region
leads the global wind turbine market,
accounting for the largest share of an-
nual installations and possessing the
most advanced manufacturing capabil-
ities for turbines, components, and off-
shore technologies,” said Bhavana Sri
Pullagura, GlobalData’s senior power
analyst.

APAC’s dominance is primarily
driven by China’s extensive onshore
and offshore development, India’s rap-
idly growing domestic manufacturing
and auction-driven expansion, and the
emerging offshore projects in Japan
and Australia, Pullagura said.

Europe, the Middle East, and Afri-
ca (EMEA) represent the second-larg-

Arecent investment will be used to advance Renewco’s wind and solar projects throughout
Scotland and the U.K. (Courtesy: Renewco)

windsystemsmag.com 9


http://www.renewcopower.com
http://www.windsystemsmag.com

WTHE FUTURE OF WIND

Wind Turbines

Aggregate Installations (GW), 2020-2024 and 2025-2030

Glotal Asia-Pooiic

®

GlobalData’s report reveals that global annual wind turbine installations totaled 115.3 GW
in 2024. Onshore wind accounted for 91.8 percent of installations, with offshore wind
representing the remaining 8.2 percent. (Courtesy: GlobalData)

est market. Europe serves as the re-
gional anchor, bolstered by binding
climate mandates under the EU Green
Deal, the revised Renewable Energy
Directive III, and a strong offshore
wind trajectory led by countries in
the North Sea.

The Middle East and North Africa
are advancing utility-scale renew-
able energy projects through govern-
ment-backed procurements and decar-
bonization initiatives, while certain
areas of Sub-Saharan Africa are gradu-
ally unlocking wind projects with the
help of international financing and
regional power pool initiatives.

The Americas ranks as the
third-largest market, with the U.S.
leading the way, where the Inflation
Reduction Act (IRA) has stimulated
clean energy manufacturing, repower-
ing activities, and the development of
an emerging offshore wind supply
chain.

The global wind turbine market is
on the brink of a new era of accelerated
growth, fueled by increasing clean-en-
ergy commitments, rapid technologi-
cal advancements, and more resilient
manufacturing ecosystems.

“With Chinese OEMs leading glob-
al capacity additions and Western
manufacturers driving innovation in
offshore and digital turbine platforms,

10 FEBRUARY 2026

the industry is entering its most com-
petitive and transformative phase to
date,” Pullagura said. “As nations ramp
up wind deployment to meet climate
targets and ensure long-term energy
independence, the global wind-turbine
market is expected to grow significant-
ly, reinforcing wind power’s role as a
cornerstone of the world’s renewable
energy future.”

MORE INFO www.globaldata.com

FairWind
changes regional
leadership

Renewables specialist FairWind an-
nounced a change in leadership for its
Southern Europe and South America
(SESA) region that took effect Jan. 1,
2026. Since acquiring regional onshore
wind installation leader, Wind1000, in
2024, FairWind’s SESA business has
been led by Wind1000 co-founders
Jesus Garcia Mallo, Diego Garrido Cous-
illas, and Carlos Louzao Aris.

With the integration of Wind1000
into FairWind successfully completed,
the three co-founders will move into
a consultancy role with the business.
The Southern European countries, and
South Africa, will form the new Medi-

terranean region, which will be led by
Aitor Diaz de Lezana Fernandez.

FairWind’s current North America
region will now incorporate the South
American countries to become the
Americas region. North America Re-
gional Director Armando Barradas will
continue leading the newly expanded
region.

Fernandez joined FairWind in
September 2024 as Regional Head of
Service for SESA, having previously
held senior service leadership roles at
Siemens Gamesa and Nordex in Latin
America.

Barrados joined FairWind in 2023.
His previous experience includes
leading Siemens Gamesa’s Latin
American business. “These chang-
es will allow the Mediterranean
business to focus on growth in the
Southern European countries, while
enabling efficiencies in shared re-
sources across the Americas region,”
said Stewart Mitchell, FairWind CEO.

“Expanding our service provision to
support customers with the safety
and reliability of their assets will
be a key focus for both Aitor and Ar-
mando as they deliver our ambitious
growth plans for their respective re-
gions. The acquisition of Wind1000
was central to our growth strategy in
the region and I would like to thank
Jesus, Diego, and Carlos for the sig-
nificant contribution they’ve made
to making this a success and for their
continued support as they move into
their new roles.”

MORE INFO www.fairwind.com

Combilift marks
milestone with
forklift competition

Global materials handling leader
Combilift has celebrated a manufac-
turing milestone by transforming
its 100,000th forklift into a powerful
force for good, raising and donating
100,000 euros to the United Nations
International Children’s Emergency
Fund to support children in crisis
worldwide.
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Winner Kareen Farrell at the awarding of the Golden Forklift. (Courtesy: Combilift)

To mark the production of its
100,000th forklift, Combilift launched
aworldwide competition, offering the
exclusive 100,000th “Golden Prize”
multidirectional Combi-CBE.

All proceeds raised were donated
to UNICEF Ireland’s Children’s Emer-
gency Fund.

The campaign generated 56,500
euros in ticket sales, and at a presenta-
tion ceremony, Combilift announced it
had increased the total contribution to
100,000 euros, underlining the compa-
ny’s commitment to corporate social
responsibility.

“This campaign was designed not
only to celebrate a major manufactur-
ing achievement for Combilift, but also
to make a meaningful difference be-

yond the factory floor,” said Combilift
CEO and co-founder Martin McVicar.

“By supporting UNICEF, we are support-
ing one of the world’s most effective hu-
manitarian organisations and helping
children who need it most.”

The check was presented by Martin
McVicar to Owen Buckley, UNICEF Ire-
land’s Head of Corporate Partnerships,
and Michaela Plunkett, Business Devel-
opment Manager, in Monaghan.

“As we enter the winter season, our
priority is ensuring children affected
by war and natural disasters have ac-
cess to warm clothing, safe shelter and
continued education,” Buckley said.

“This generous contribution from Com-
bilift will help UNICEF respond quickly
to urgent needs.”

Kareen Farrell purchased the win-
ning ticket. She traveled to Combilift’s
headquarters in Monaghan to receive
the one-of-a-kind 100,000th Com-
bi-CBE “Golden Forklift.”

“I was absolutely delighted when I
heard I had won, as I'm never lucky,”
she said. “My dad shared the competi-
tion details and bought a ticket to sup-
port UNICEF because it’s a children’s
charity that helps children all over the
world, so winning the forklift was an
incredible bonus.”

The Golden Forklift was first un-
veiled at the IMHX Exhibition in the
U.K. before embarking on a European
trade show tour.

MORE INFO www.combilift.com

windsystemsmag.com 1n
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The rationale
behind repowering
is multifaceted,
rooted deeply

in both robust
economic principles
and an unwavering
commitment to
environmental
stewardship.
(Courtesy:
GreenSpur)




Repowering is more than
just an industry trend; it is
a foundational strategy for
energy maturity.

By KEN KHOR

he landscape of renewable energy is constantly

evolving, with wind power standing as a testa-

ment to human ingenuity in harnessing nature’s

forces. For more than three decades, towering

turbines have dotted our horizons, silently con-

verting the invisible currents of the air into clean
electricity. These pioneering wind farms, many established
in the late 1980s and 1990s, were revolutionary in their time,
laying the groundwork for the massive global industry we
see today. However, time marches on, and even the most
robust machinery has a lifespan. As these first-generation
wind installations approach, or in some cases exceed, their
initial 20-25 years operational design life, a critical question
arises: what becomes of these aging giants?

The answer, increasingly embraced by energy develop-
ers, policymakers, and environmental advocates alike, is
repowering. Far from merely performing routine mainte-
nance or patching up old equipment, repowering is a trans-
formative process. Itinvolves the strategic decommissioning
of older, less efficient wind turbines and their replacement
with state-of-the-art, larger, and significantly more pow-
erful machines. This isn’t just an upgrade; it’s a complete
revitalization, breathing new life into established sites and
unlocking their full potential.

The rationale behind repowering is multifaceted, rooted
deeply in both robust economic principles and an unwav-
ering commitment to environmental stewardship. It rep-
resents a mature and intelligent approach to renewable ener-
gy asset management, recognizing that the most sustainable
energy is often that which leverages existing infrastructure
and proven locations.

THE COMPELLING ‘WHY’: ECONOMIC
AND ENVIRONMENTAL IMPERATIVES
The decision to repower a wind farm is driven by a conflu-
ence of powerful factors:
¥ Exponential increase in energy production: Technolog-
ical advancements have been staggering. It’s common for a
repowered project to generate two to five times the annual
energy production (AEP) of the original farm, often using a
fewer number of turbines.
¥ Maximizing existing infrastructure: Repowering capi-
talizes on pre-existing infrastructure—land already zoned,
environmental assessments conducted, and the crucial grid
connection already in place. This dramatically reduces per-
mitting risks and accelerates project timelines compared to
“greenfield” development.

windsystemsmag.com 13


http://www.windsystemsmag.com

WTURBINE MAINTENANCE

7 Reduced visual and acoustic im-
pact: Because modern turbines are so
much more powerful, fewer units are
required for higher output, simplifying
the visual profile. Improved aerody-
namics also led to significantly lower
noise levels.

¥ Extending the lifespan: Repower-
ing effectively grants a wind farm a
second life, securing decades more of
clean energy production from a proven
location.

TECHNOLOGICAL

EVOLUTION AND THE
REPOWERING BLUEPRINT

The transition is made possible by
massive advancements in engineering,
aerodynamics, and materials science. Today’s machines are
fundamentally different from their predecessors.

THE TECHNOLOGICAL LEAP: FROM TURBINES
TO SUPER-TURBINES

¥ Rated capacity vs. physical size: Older turbines might
have been 0.5 MW to 1 MW; repowering involves 3 MW to
6 MW machines, with rotor diameters often surpassing 150
meters. The power output is proportional to the swept area,
which is exponentially larger on new machines.

7 Aerodynamic blades and materials: Modern turbine
blades are complex aerodynamic designs, using lighter,
stronger composite materials to maximize efficiency across
various wind speeds.

¥ Smart control systems: Sophisticated pitch and yaw
control systems constantly adjust the blade angles and na-
celle orientation based on Lidar and anemometer data. This
ensures the turbine operates at its optimal efficiency curve,
leading to a much higher capacity factor.

¥ Drivetrain efficiency: Advances include improved gear-
boxes for mid-speed geared and the increasing adoption of
direct-drive systems, which eliminate the gearbox for better
reliability and lower maintenance.

THE REPOWERING PROCESS: A STEP-BY-STEP

BLUEPRINT

Repowering is a complex, multi-phase engineering project:
¥ 1. Assessment and feasibility: Analyze historical wind

data, conduct new micro-siting for larger turbines, and re-

view the existing grid capacity to determine if a substation

upgrade is required.

V 2.Decommissioning and logistics: Old turbines are
disassembled. Steel and copper are recycled. The large com-
posite turbine blades are the most challenging component,
requiring specialized waste management or novel recycling
techniques. New, larger reinforced concrete foundations are
poured to support the massive new loads.

V3. Construction and installation: New access roads are

14 FEBRUARY 2026

GreenSpur Wind’s primary innovation lies in its permanent magnet agnostic generators (PMGs).
(Courtesy: GreenSpur)

GreenSpur’s Axial-Flux PMG design is modular and lighter than
traditional radial-flux machines. (Courtesy: GreenSpur)

upgraded. Specialized crawler cranes lift and install the new,
heavier tower sections, nacelles, and rotor blades.

V 4. Commissioning and testing: The turbines are syn-
chronized with the grid and undergo rigorous performance
testing before becoming fully operational.

CHALLENGES, SUSTAINABILITY,

AND THE ROLE OF GREENSPUR

The repowering trend must overcome logistical and sustain-
ability hurdles, a goal increasingly facilitated by technologi-
cal innovators like GreenSpur Wind.

THE ROADBLOCKS: LOGISTICAL
AND REGULATORY CHALLENGES
V Logistical extremes: Transporting massive components
— blades 80 meters long, heavy nacelles — requires complex
planning, road upgrades, and specialized crane operations.
¥ Regulatory friction: Despite site pre-approval, the dras-
tic change in turbine size can trigger new, lengthy planning
reviews, especially concerning height and visual impact.
¥ Grid Constraint: The exponential power increase often
mandates costly and time-consuming transmission line and
substation upgrades.



FINANCIAL CASE

AND GLOBAL OUTLOOK

The decision to repower hinges on
a single metric: the levelized cost of
energy (LCoE). GreenSpur’s technolog-
ical contributions translate directly
into measurable cost savings, making
the repowering investment far more
attractive.

QUANTIFYING THE SAVINGS:
THE GREENSPUR LCOE IMPACT
GreenSpur’s rare earth-free technol-
ogy is designed to deliver significant
savings across both the capital expen-
diture (CapEx) and operating expendi-
ture (OpEx) as seen in Table 2.

These substantial LCoE savings
accelerate the financial payback peri-
od for repowering projects, securing
investor confidence in replacing old
assets with advanced turbines.

GLOBAL OUTLOOK: A CRUCIAL
DRIVER FOR NET ZERO

Solution Category Description Status & Goal
LR ine & Reusing whole or sectioned blades  |Niche/Growing. Excellent for

« Repurposin 4 . - . . P
R pury B for civil engineering projects |PE but cannot handle the

cuse oy ’ - . .

(bridges, noise barriers). massive volumes of waste.
- Shredding material for use as a raw  [Commercial'Common. High-

2. Downeyeling (Co- . . ! .

i y miatcrial or fuel substitute (e.g., vilume solution, but the
processing) cement kilns), material is not fully recovered.
3 Processes like pyrolysis (heating )y or
. solvolysis (chemical breakdown) o |R&D/Scaling. The ultimate
ChemicalMechanical . .

separate and recover high-value eoal for a true circular loop,
Recyeling ) -
" fibres.
Table1
. GreenSpur Estimated
Cost Factor P . Mechanism
Reduction
. Permanent magnel agnostic design with
Generator . . o "
CapE Up o 25% aluminum coil. Elimination of complex
ApLX components like liquid cooling systems.
G : Axial Flux design and lighter matenials,
':‘“".r" o Up to 30% reducing foundation, transport, and crane
Weight .
COsLS,
OBE Elimination of complex components like
['il; ".\l Significant reduction liguid cooling systems, boosting reliability
(Maintenance) b ) - :
’ and uptime,
The combined effect of CapEx savings, high
Poential Reduction of 6% gl i . =
Hotsl CxSokk I R ’ cificiency, and simplified OpEx
Table 2

THE SUSTAINABILITY IMPERATIVE:

THE BLADE CHALLENGE

The disposal of composite turbine blades presents the big-
gest obstacle to a circular economy for wind energy. These
fiberglass and carbon-fiber blades are incredibly durable,
making them difficult to recycle efficiently. (See Table 1)

THE GREENSPUR ADVANTAGE IN REPOWERING
GreenSpur Wind’s primary innovation lies in its permanent
magnet agnostic generators (PMGs). This technology plays a
key role in the long-term viability of repowering:

V" Lighter generator construction: GreenSpur’s Axial-Flux
PMG design is modular and lighter than traditional radi-
al-flux machines. This weight reduction eases the structural
demands on the new tower and foundation, potentially sim-
plifying upgrades and lowering CapEx for installation.

¥ Supply chain de-risking: By using alternative materials
such as Dysprosium-free Neodymium magnets, or gap mag-
nets and aluminum instead of Dysprosium-rich rare earth el-
ements (REEs) such as N48SH, N45UH, and copper, GreenSpur
insulates repowered projects from the volatile pricing and
geopolitical risks associated with REE supply chains, guar-
anteeing stability over the asset’s 25-year life.

¥ Enhanced reliability: The design eliminates complex,
high-maintenance systems, such as the liquid cooling re-
quired for many conventional PMGs, opting for simpler, air-
cooled architecture. This leads to lower Operational Expen-
diture (OpEx) and higher uptime.

Repowering is now recognized as a

critical global strategy, particularly

in mature wind markets such as the
United States and Germany, which have large fleets of aging
turbines.

By maximizing the potential of existing sites, repower-
ing serves as the most efficient way to achieve rapid, dense
increases in renewable energy output without new land ac-
quisition. It is an intelligent optimization of green assets
that will:

7 1. Accelerate decarbonization: Providing a fast track to
integrating more clean power into existing grids.

V2. Ensure energy security: Guaranteeing reliable clean
energy generation for another three decades.

¥ 3. Drive innovation: Creating market demand for sus-
tainable component technologies such as GreenSpur’s PMGs
and novel blade recycling processes.

Repowering is more than just an industry trend; it is a
foundational strategy for energy maturity. By combining
strategic site renewal with sustainable technological inno-
vation, the world ensures that its first generation of wind
farms not only survives but thrives, providing the crucial
second wind that will power the next phase of the Net Zero
transition. -/
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This study presents a novel method to improve the reliability estimation
of wind-turbine gearboxes by using real-time measurements of the

operating conditions.
By GEORGO ANGELIS and LAURENS KRUDDE

ind turbine gearbox often fail to reach their

expected lifetime of 20 years. This causes great

maintenance costs and unexpected downtime.

Similarly, gearboxes that do reach their expect-
ed lifetime are often replaced while they might be able to
stay in operation for longer, missing out on revenue. There
is a need for a reliability estimation based on the operating
conditions such that premature failure and extended life-
time risks can be assessed. This work proposes a method
to dynamically compute the gearbox’s reliability based on
real-time measurements of the operating conditions. This
is done by introducing the concept of “used capacity,” which
denotes the accumulated damage on the gearbox during op-
eration. It generalizes the traditional Weibull model by al-
lowing for varying operating conditions that cause damage
to accumulate similar to Miner’s rule. This results in a more
accurate reliability estimate than commonly used static esti-
mates. Furthermore, other key performance indicators such
as the mission risk and the remaining useable life can be
derived from the model. The approach was tested using syn-
thetic data for a Siemens Gamesa G97 2MW Turbine as part
of a research project together with National Renewable En-
ergy Laboratory (NREL) and Siemens Gamesa. Furthermore,
the approach was applied to real wind-turbine data from a
Penmanshiel wind park. The results demonstrate realistic
reliability indicators for the gearbox and its components.
Using this result, one can improve maintenance strategies,
optimize resource allocation, and assess risk more accu-
rately. Moreover, the approach is adaptable to other types
of rotating machinery, offering broad applications beyond
wind turbines.

1INTRODUCTION
Wind energy has become an important component in the
global transition to sustainable energy. As wind turbines
are increasing in size and capacity, it is becoming more im-
portant to ensure the reliability of critical components as
failures and downtime become more expensive. From all
components in awind turbine, the gearbox has been shown
to be the component that experiences the greatest number
of failures [1]. Wind-turbine gearboxes frequently fall short
of their expected 20-year lifespan and few make it past the
10-year mark [2, 3]. Wind-turbine gearbox failures are one of
the main reasons for significant increase in operation and
maintenance (O&M) costs and wind turbine downtime
While there is awide variety in failure prognostic models,
reliability assessments are commonly performed using the
L, life formula and the Weibull distribution due to their sim-
plicity and ease of use [4]. The reliability calculation is done
using expected average operating conditions such as torque
and rotational speed. Based on the expected operating condi-

tions and the time of operation, a reliability estimate can be
calculated. However, once a wind turbine is in operation, the
operating conditions naturally vary due to wind conditions,
grid interaction, and environmental factors. This can lead to
deviations from the initial assumed reliability distribution,
resulting in an unreliable reliability estimate.

This article proposes a novel dynamic reliability assess-
ment by integrating real-time operational data in a stochas-
tic model. This model introduces a ‘used capacity’ metric,
extending Weibull-based reliability estimation to account
for variable operating conditions. By keeping track of the
used capacity, an accurate estimate of the reliability can be
calculated. Based on the used capacity formulation, addition-
al key performance indicators can be calculated, such as the
mission risk and the remaining useful life. The proposed
method is applied to real operational data of wind turbines
to compare it to traditional methods and to show the applica-
tion to a wind park. This work aims to provide improved reli-
ability metrics that can be used for predictive maintenance
and lifecycle management and ultimately reduce O&M costs
for wind turbine operators.

2 BACKGROUND

In this section, we recall the common reliability calculation
methods; the L,, formula, the Weibull distribution and Min-
er’s rule.

y 2.1L, formula

The basic rating life, 110, is the millions of revolutions that
the bearing can be expected to endure with 90 percent prob-
ability, where failure is defined as the appearance of subsur-
face material fatigue as per ISO 15243 [5]. In the case of gears,
tooth pitting and bending fatigue are considered as per ISO
6336 [6]. The basic rating life, from Lundberg and Palmgren
in 1924 as cited by [7], is given by Equation 1:

o\ P
Lo = ( !J)

with C, the dynamic load capacity, F the load and p the life
exponent. The parameters C, and p are often known from
literature (i.e. given by bearing or gear manufacturers) or
can be determined analytically or experimentally. The L,,
formulais an initial estimate for the expected life but cannot
provide an adapted estimate during operating.

Equation 1

¥ 2.2 Weibull distribution

More generally, it has been found that fatigue life follows a
Weibull distribution, as first developed by Weibull in 1939
[7]. Which can be written using L,, in Equation 2:
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P(L>0)=8 log(1/8) = AL*
Equation 2
where S denotes the survival probability. Substituting S
= 0.9 for L,, allows us to solve for A and rewrite the Weibull

equation (Equation 3):

where

Lo

§ — elL/N
v — log(0.9)

where A

Equation 3

The Weibull distribution gives more insight in the fail-
ures we expect over the course of an operation. However,
the Weibull distribution is only dependent on the number
of revolutions and is defined for a fixed load. Varying oper-
ating conditions cannot be incorporated in this formulation.

7 2.3 Miner’s rule
Miner’s rule is a simple method to incorporate varying op-
erating conditions and calculate the accumulated damage.
If L, is the number of revolutions under load F, and L, is the
L, at load F, then the total damage under n stress levels is
seen in Equation 4:

n
Ly

D=) —

=1 1 Equation 4

According to Miner’s rule, failure occurs when the total
accumulated damage D is equal to or exceeds 1. This is clear-
ly a conservative estimate, since only 10% is expected to fail
at that point, but large margins are common in engineer-
ing design to guarantee successful operation. While Miner’s
rule has been successful in engineering practice, it has been
advised to be extended using probabilistic approaches [8, 9).

V" 2.4 Gearbox modelling
The previous reliability models are suited to model a single
component. In order to model the reliability of a gearbox
as a whole, the components can be modeled separately and
combined to derive reliability model for a gearbox [10, 11].
It is common to consider the reliability of the system, i.e.
the gearbox, as the product of the reliabilities of the compo-
nents. However, the reliabilities of the components can also
be modeled as being dependent based on the mechanics of
the gearbox [12].

Another approach to estimate the remaining useful life
of planetary gearboxes is to use a state space model based
on the Gamma process [13].

P 2.5 Conclusion

While these models provide useful reliability estimates, they
assume static operating conditions or a deterministic fail-
ure threshold. In reality, wind-turbine gearboxes experience
fluctuating loads and failure is a stochastic occurrence. The
following section introduces a probabilistic approach that
adapts reliability estimation to real-time operating data.
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3 METHODOLOGY

This section proposes the reliability calculation based on
the used capacity variable. First, the used capacity and reli-
ability calculation is done for a single gearbox component;
a bearing. Then, the used capacity notion is extended to a
gearbox, being a system of certain components. Lastly, the
additional prognostic metrics mission risk and remaining
useful life are defined.

7 3.1Used capacity metric

In order to incorporate varying operating conditions, we
define a new random variable, which we call the capacity
and is denoted by C. The capacity combines the operating
conditions load and speed in a single variable, similarly to
Miner’s rule. We define capacity C in Equation 5:

v r l.-'..tu'
C A L Equation 5

meaning that the bearing can last L revolutions under
operating condition A. To incorporate varying operating con-
ditions, we let capacity increment in Equation 6:

Ly .
o = [ Ap(L)V*dL
<0

Equation 6

as illustrated in Figure 1. Here, the simplifying assump-
tion from Miner’s rule that the order of applied loads has
no effect is used.

7 3.2 Reliability
The way that the used capacity accumulates is similar to
Miner’s rule. However, we treat the capacity C as a random
variable. The Weibull distribution from Equation 2 can be
written in terms of capacity in Equation 7:
P(C=c¢)=5 log(1/8) = ¢*
Equation 7
and the reliability of the bearing can be deter-

mined based on the used capacity. Important is that the
distribution now only depends on the capacity C and not
on A and | separately. This allows us to incorporate varying
operating conditions.

where

7 3.3. Gearbox as a system of components

In the previous sections, we took the example of a single
bearing. Now we will generalize to a system of components.
For example, a wind-turbine gearbox containing various
bearings and gears. Suppose we have n components that
define a system such that if 1 of the components fails this
implies that also the system fails. In this case the reliability
of the system is calculated in Equation 8:

So= 1] s

i=l:n Equation 8



Now the used capacity of the system C, can be computed
in Equation 9:

C.s = [: Z C!_-’f.'_]l“a

i=1:mn Equation 9
As such, we can define the used capacity of a wind-tur-
bine gearbox and thus calculate its reliability.

7 3.4 Additional prognostics

The reliability follows directly from the Weibull distribu-
tion, but additional metrics can be computed. If the gearbox
has been in operation and has exhibited a certain used ca-
pacity, then the remaining capacity has a conditional (left
truncated) Weibull probability. Formally, the probability of
remaining capacity ¢’ with confidence level ¢ after having
accounted for evidenced used capacity ¢ is described as fol-
lows in Equation 10.

PIC<é+d|C>8)=1-a
Equation 10

This implies that only knowledge of the used capacity
¢ alters the likelihood of the remaining capacity c. Two in-
teresting metrics can be formulated: the mission risk and
the remaining useful life, both of which can be determined
based on purely the used capacity.

¥ 3.4.1 Mission risk

Given some used capacity ¢ and a mission that requires fu-
ture capacity c’, what is the probability « that the bearing
can exhibit ¢’ more capacity? We can fix for some capacity
¢’ (the mission) and solve for the probability a. This gives an
estimate for the risk of keeping a wind turbine in operation
for a certain mission duration.

7 3.4.2 Remaining useful life

Given some used capacity ¢ and confidence level ¢. How
much capacity ¢’ can the wind turbine exhibit with confi-
dence @? We can fix a confidence level ¢ and solve for re-
maining useful capacity c. The most interesting case is the
remaining life with 90 percent reliability conditioned on
the fact that the bearing has already exhibited a certain
capacity. Since L,, is often denoted as the useful life of new
components, the conditional L,, determines the remaining
useful life of used components.

Both Remaining Useful Life (RUL) and Mission Risk state-
ments depend on the known used capacity to date and re-
quire a prediction into the future, i.e. the capacity needed for
the mission or the future operating conditions to estimate
RUL in terms of revolutions instead of capacity. The predic-
tion can be based on the expected operating conditions, but
can also be done using exhibited used capacity from the past.
As such, only the used capacity and its history is necessary
to determine all metrics.

4 DATA AND CASE STUDY

Two different datasets, consisting of torque and speed mea-
surements on the wind-turbine rotor, were used to illustrate
the proposed method. First, a dataset for a single wind tur-
bine over 20 years was used to compare the proposed method
with traditional methods. Second, real measurement data
from wind turbines from a 4.5-year-old wind park was used
to illustrate its application to a wind park.

¥ 4.1.Single gearbox: Synthetic NREL data

A dataset over the course of a wind turbine’s typical design
life, e.g. 20 years, is appropriate to compare the proposed
method with

traditional meth- s

ods. Due to the
lack of avail-
able data over
such a period, a -

synthetic time L,
\*\% B
\\\

series of torque
x\'\ \.'\\

and speed was \
created based on \

binned operating L
conditions. The
binned operat-

Figure 1. Used capacity accumulation.

Figure 2: Penmanshiel wind-turbine locations on Google Earth [16].
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Figure 3: The remaining useful life L10 according to Miner’s rule and
the conditional L10 from the proposed method based on synthetic
data of a wind-turbine gearbox. It shows that a gearbox may have
remaining useful life after surviving the initial L10.
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Figure 4: Weibull reliability estimation using the expected operating
conditions and the used capacity baed on synthetic data of a wind
turbine gearbox. It shows that the reliability estimate based on
used capacity takes into account the higher experienced operating
conditions.
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Figure 5: Reliability over time for wind turbines in Penmanshiel wind
park, showing how edge turbines degrade faster due to higher loads.

Figure 6: The generated energy and the reliability of the Penmanshiel
wind turbines. It shows that turbines with lower generated energy
have a larger reliability.

ing conditions were derived from real-time measurements
of the operating condition on a Siemens Gamesa G97 2MW
turbine as part of a research project together with National
Renewable Energy Laboratory (NREL) and Siemens Gamesa,
of which these results are a continuation [14]. While the syn-
thetic time series are similar to the binned data, the synthet-
ic data had slightly higher operating conditions.

7 4.2. Wind park: real-world Penmanshiel data

A dataset of multiple wind turbines is needed to illustrate
the different reliability estimates among wind turbines in
awind park as a result of the different operating conditions
that they experience. This creates insights that can be used
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on a wind park management level. As such, the method is
applied to open SCADA data of 14 Senvion MM82 2.05 MW
wind turbines over 4.5 years from Penmanshiel [15]. Figure
2 shows the relative location of the wind turbines.

5 RESULTS

We present the results for a single gearbox to compare the
proposed method with traditional methods and the results
for real-world data of a wind park.

7 5.1 Single gearbox

Figure 3 shows the difference between the traditional L,,,
Miner’s rule and the proposed conditional L,,. Since L,, is only
based on expected operating conditions and not on measure-
ments, it does not change over time. Miner’s rule states that
failure can be expected after L,, is reached. The proposed
method is able to calculate the remaining useful life, the
life with over 90% conditioned on the accumulated used ca-
pacity. It can be seen that, if the gearbox has survived the
initial L,,, it may still have significant remaining useful life,
depending on the accumulated used capacity. This demon-
strates the proposed method in providing a more accurate
estimation of remaining useful life beyond the initial reli-
ability expectations.

Figure 4 shows the Weibull reliability estimates based on
expected operating conditions and based on the synthetic
operating conditions for a single gearbox. It can be seen that
the reliability estimate based on expected operating condi-
tions perfectly crosses the L,,line at 90 percent reliability, as
the L, is also determined based on expected operating con-
ditions. The proposed method incorporates the experienced
operating conditions, and it can be seen that the estimates
decrease faster or slower based on these experienced oper-
ating conditions. Furthermore, it can be seen that reliability
estimate based on the used capacity decreases faster than
the initial Weibull estimate, because the synthetic oper-
ating conditions were higher than the expected operating
conditions.

P 5.2 Wind park

Figure 5 illustrates the reliability trends across the gearbox-
es of the 14 turbines in the Penmanshiel wind park. It can be
seen that similar patterns are visible for all turbines, which
is what one would expect since the turbines are experienc-
ing similar wind conditions. However, the reliabilities start
to diverge over time. Comparing this to the location of the
turbines in Figure 2, it is clear that the turbines at the edge of
the wind park are experiencing higher operating conditions,
as they are more exposed to wind inflow. In contrast, the
turbines in the centre are catching reduced wind, leading
to lower operating conditions and thus slower decrease in
reliability.

Figure 6 shows the generated energy and the failure
probability (1 — reliability) of the turbines after 4.5 years.
As expected, it can be seen that the turbines that have gen-
erated more energy have lower reliability due to increased



accumulated stress on the gearboxes. The relationship be-
tween energy production and reliability follows an expo-
nential trend, and it can be seen that turbines with lower
cumulative energy output exhibit disproportionately higher
reliability. This is a direct consequence of the life exponent
in the L,, formula.

These variations in reliability suggest that a wind park op-
erator can optimize the distribution of reliability across the
fleet by strategically managing turbine exposure to wind.

For instance, reducing the workload on turbines with
higher accumulated used capacity while allowing other
turbines to operate under increased loads can help balance
failure risk and maximize overall uptime and energy pro-
duction.

6 DISCUSSION

This method forms the basis for a new reliability estimate,
but some assumptions and limitations should be mentioned.
First, this method estimates wind-turbine gearbox reliability
based on fatigue failure due to wear on the material. Bearing
failure is defined as subsurface fatigue appearance, and gear
failure is defined by root pitting or bending fatigue, as per
ISO standards [6, 5]. It does not account for early failures
or other failure modes such as misalignment, lubrication
issues, or material defects.

Also, failure of one component is considered as failure of
the whole gearbox and therefore operation with a partially
faulty gearbox is not considered. Faulty components would
increase the stress on other components and the gearbox as a
whole, which complicates a reliability model, but inspiration
can be taken from [12]. Second, the reliability estimate relies
on measured torque and speed data, making the accuracy
dependent on data quality.

Uncertainty in measurements induces uncertainty in the
reliability estimate. This uncertainty could be modeled, but
itis advised to ensure accurate measurement data. Lastly, it
should also be noted the current approach only considers
torque on the gearbox carrier, capturing torque-induced
loads but ignoring non-torque loads, i.e. disturbance forc-
es, that also contribute to fatigue. Future work should in-
corporate these additional forces acting on the gearbox, if
measurable.

7 CONCLUSION

This study presents a novel method to improve the reliabili-
ty estimation of wind-turbine gearboxes by using real-time
measurements of the operating conditions. By introducing
the concept of “used capacity,” the proposed approach gener-
alizes traditional Weibull distribution models, making them
adaptable to varying conditions that a gearbox experiences
over time.

This method provides accurate predictions of key per-
formance indicators such as reliability, mission risk and re-
maining useful life. This can be the basis for better mainte-
nance strategies and extended operational lifetimes for wind
turbines. The application of synthetic data demonstrates the

method’s effectiveness, laying a foundation for future imple-
mentation in real-world scenarios. Future work could extend
this approach to other rotating machinery applications, such
as offshore turbine drivetrains. -/
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CONVERSATION

Dr. Bharat Singh

Joint President | Recyclamine Technology and Business

Development » Aditya Birla Advanced Materials

“By enabling high-value recycling and
reducing landfill or incineration, Recyclamine
can lower the overall lifecycle CO2 footprint
of wind blades by approximately 37 percent.”

7 Recyclamine is often cited as a disruptive innovation

in epoxy chemistry. From a technical standpoint, what
makes it fundamentally different from conventional
wind-blade epoxies?

Traditional wind-blade epoxies rely on permanent cross-
linked networks formed using amine or anhydride harden-
ers. These networks deliver excellent fatigue and durability
but are inherently irreversible. Recyclamine features an
innovative curing agent design that incorporates specially
engineered cleavable chemical linkages directly into the
crosslinked network of the epoxy thermoset. Throughout
the wind-turbine blade’s operational lifespan (typically 20
to 25 years), these linkages remain fully stable, delivering
the same high performance, durability, and structural in-
tegrity as traditional non-recyclable thermoset resins. At the
blade’s end-of-life, under controlled chemical conditions, the
network can be selectively deconstructed. This enables true
thermoset recyclability without sacrificing the exceptional
mechanical properties required for demanding wind tur-
bine blade applications. (See Figure 1)

7 Wind blades operate for 20 to 25
years under extreme cyclic loading.
How does Recyclamine perform CRO%S-UmED
in terms of fatigue and long-term : '
durability?

Fatigue resistance is non-negotiable in
wind energy. Our Recyclamine-based
epoxy systems have been extensively
tested under representative tensile-ten-
sile and flexural fatigue regimes used
for blade qualification. Results consis-
tently show stiffness retention above
90 percent after millions of cycles,
matching or exceeding incumbent
blade epoxy systems. Glass transition

CLEAVABLE

Figure 1
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temperatures typically exceed 80 to 100°C, depending on
formulation, ensuring thermal stability across diverse cli-
matic conditions. Importantly, moisture uptake and hydro-
thermal aging behavior are comparable to conventional
epoxies, which is critical for offshore and high-humidity
environments.

7 How compatible is Recyclamine with existing wind-
blade manufacturing processes, such as resin infusion?
Process compatibility was a key development objective. Re-
cyclamine systems can be engineered to deliver low initial
viscosity, long infusion windows, and controlled cure kinet-
ics compatible with vacuum-assisted resin infusion and RTM
(Resin Transfer Molding).

This allows blade manufacturers to integrate recycla-
ble epoxies without capital investment or process redesign.
Furthermore, the cure cycles and post-cure requirements
closely mirror those of conventional non-recyclable epoxy
systems currently used in high-volume blade production,
which significantly lowers the barrier to adoption for large-
scale blade production.
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Figure 2 Figure 3

7 Can you elaborate on the recycling process itself and
the quality of recovered materials?

Atend-of-life, blades manufactured with Recyclamine-based
epoxies can be treated using a proprietary chemical recy-
cling process. The resin matrix is converted into a reusable
thermoplastic-like material, while the reinforcing fibers
are cleanly separated. Mechanical testing shows that recov-
ered glass or carbon fibers retain up to 90 to 95 percent of
their original tensile properties. This is a critical distinc-
tion from mechanical recycling, where fibers are typically
downgraded.

The recovered resin from the Recyclamine recycling
process emerges as a high-quality thermoplastic epoxy (no
longer a crosslinked thermoset), which can be easily isolated,
dried, and processed into versatile forms such as long poly-
mer strands, pellets, or powder/fine granules. Such forms
enable the resin to be repurposed in diverse downstream
applications, e.g. an iPhone case — fully closing the loop
in a genuine circular economy for epoxy-based composites.
(See Figures 2, 3, and 4)

” What impact can Recyclamine have on the
environmental footprint of wind energy?

Lifecycle assessments indicate that epoxy resins account
for a significant portion of a blade’s embodied carbon. By
enabling high-value recycling and reducing landfill or in-
cineration, Recyclamine can lower the overall lifecycle CO
footprint of wind blades by approximately 37 percent. Ad-
ditionally, the ability to recover fibers reduces demand for
energy-intensive virgin glass or carbon fiber production. As
sustainability metrics increasingly in-

T ra from pilot programs to qualification
2 standards. Recyclamine provides a
practical pathway for OEMs to meet
future regulatory requirements with-
out compromising blade performance,
reliability, or cost competitiveness.

7 Finally, what is your long-term
vision for Recyclamine in wind
energy?

Our vision is for recyclable epoxies to
become the default material choice for
wind blades. As turbine fleets age and
decommissioning volumes rise, circu-
larity will be essential for maintaining the sustainability
credentials of wind energy.

Recyclamine marks a fundamental paradigm shift in the
wind-energy sector, moving away from managing composite
end-of-life waste toward designing waste out entirely, en-
abling wind power to remain one of the most sustainable en-
ergy sources over its full lifecycle. Recyclamine Technology
is truly the world’s first solution to end-of-life management
for epoxy composites — a technology innovation of the Ad-
vanced Materials Business of Aditya Birla Chemicals, Aditya
Birla Group.

MORE INFO

www.abg-am.com

Figure 4

fluence turbine procurement decisions,
this becomes a tangible competitive ad-
vantage. (See Figure 5)

” How do you see OEMs and
regulators responding to recyclable

epoxy technologies in the coming

decade?

We are already seeing strong interest
from OEMs as landfill bans and extend-
ed producer responsibility regulations
gain momentum, particularly in Eu-
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As an expert in handling heavy items safely and efficiently, Mammoet has come up with ways to make the movement of XXL monopiles faster

and more cost-effective. (Courtesy: Mammoet )

P CONSTRUCTION

Mammoet tech moves

XXL monopiles
for offshore wind farm

Mammoet has engineered an upgrad-
ed terminal crane and SPMT saddles to
safely handle XXL monopiles for Win-
danker offshore wind farm.
Wind-turbine sizes are increasing
at an unprecedented rate and for clear
reason: The bigger the turbine, the
more power it can generate and the
fewer are needed per wind farm.
Taller turbines require larger foun-
dations to withstand heavier winds
further out to sea, but as these founda-
tions grow, they are becoming increas-
ingly challenging to lift and transport.
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As an expert in handling heavy
items safely and efficiently, Mam-
moet has come up with ways to make
the movement of even XXL monopiles
faster and more cost-effective.

While it is theoretically possible
to place monopiles into the sea using
large crawler cranes, those required to
meet the lifting capacity of the installa-
tion vessel would have been too big; re-
quiring more space than was available
at the port, and also reinforcement of
its ground.

Mammoet engineered an upgrad-
ed terminal crane that can lift mega
monobpiles into the water for offshore
feedering, and a specialist patented
jacking-and-cradle system for their
safe handling, using its SPMTs.

Mammoet’s equipment trans-
formed the port of Ronne, Denmark,

into a seamless assembly line; where
monopiles were efficiently offloaded,
stored, capped and then lifted into the
water and no civil work was needed to
reinforce the quay.

This value was demonstrated
during the marshaling scope for Win-
danker GmbH’s 315MW Windanker
offshore wind farm, which was being
fed by Van Oord in the German waters
of the Baltic Sea.

The transport and installation of
the 21 monopile foundations were
overseen by Van Oord, with Mammoet
supporting their onshore lifting and
transport.

The monopiles arrived at the port
of Ronne from Spain, shipped in sev-
en batches. The heaviest monopile
weighed 2,150 tons and measured ap-

proximately 87 meters in length.



The LTM 1100-5.3 mobile crane is the first Liebherr mobile crane in Western Crane & Rigging,
Inc.’s fleet. (Courtesy: Western Crane & Rigging)

Fitted with Mammoet’s XXL mono-
pile transport system, 90 axle lines
of SPMT lifted them off their grillag-
es and cradled them securely as they
were driven off the vessel.

They were then taken to a tempo-
rary storage location and placed onto
sand bunds, ready to be called off for
capping to make them watertight.

The added stroke of the XXL mono-
pile transport system allowed the
monopiles to be lifted higher so that
the indents of the storage bunds could
be deeper, improving their support
while using fewer materials. Next, at
the capping location, a large LR1750
crawler crane installed plugs onto the
top and bottom ends of each monopile.

Once both plugs were installed, the
monopiles were driven to the quayside
in front of the two MTC1600 cranes,
which Mammoet developed to lift XXL
monopiles onto vessels and into waters.

Once each monopile was safely in
the sea, it was towed using tugs to Van
Oord’s specialist heavy lift installation
vessel, the Svanen, which was ready in
the field to lift and install it into the
seabed.

“We made a completely new crane
design for this project, which is not
typical but something we felt was
necessary with the growth of mono-
pile foundations,” said Stefan de Vries,

project manager at Mammoet. “Initial-
ly, itwas planned that the cranes would
lift 2,800 tons, but we suggested their
maximum capacity match that of the
Svanen, to ensure consistent limits
across the project. So, we increased
their combined lift capacity to 3,200
tons.” With the ballast weight of the
MTC crane positioned much further
away from the pivot point of the boom,
in comparison to a large crawler crane,
the load-bearing pressure was far less.
This helped to spread the load over a
greater distance, avoiding the need for
specialist foundations or temporary
civil work.

Thanks to the efficiency of crane
lifting, the Svanen could remain in the
field and be constantly fed monopiles.

MORE INFO www.mammoet.com

P CONSTRUCTION

Kentucky crane
company expands

with Liebherr crane
Western Crane & Rigging, Inc., a Ken-
tucky-based crane company, expanded

its fleet with the delivery of a Liebherr
LTM 1100-5.3 mobile crane. As the first
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Liebherr crane in Western Crane &
Rigging’s fleet, the crane signifies the
start to a strong relationship between
the two family-owned businesses.
Family owned and operated since
1987, Western Crane & Rigging has
delivered trusted crane, rigging, and
lifting services nationwide, earning its

place as a premier crane service compa-
ny in the region. The team at Western
Crane & Rigging specializes in turnkey
lifting, rigging and millwright in ad-
dition to steel fabrication services for
industrial, commercial and infrastruc-
ture projects. With the rise in data cen-
ter work, Western Crane & Rigging was

Casa dos Ventos and Vestas announce a 828 MW order for the Dom Inocéncio wind complex in
Brazil. (Courtesy: Casa dos Ventos)
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looking to invest in equipment more
tailored to the application.

“We chose Liebherr because of the
unmatched quality of their machines
and the level of customer service their
team consistently provides,” said J. Da-
vid Fields, co-owner of Western Crane
& Rigging.

“We have a wonderful team behind
us that has helped to make this in-
vestment possible,” said Jessica F. Hol-
combe, co-owner of Western Crane
& Rigging. “And Liebherr’s reliability,
attention to detail, and commitment
to supporting customers made our de-
cision an easy one.”

In addition to the LTM 1100-5.3 mo-
bile crane, Western Crane & Rigging
has two additional Liebherr cranes on
order, an LTR 1220 telescopic crawler
crane and an LR 1400 SX crawler crane.

The LTM 1100-5.3 mobile crane is
designed to provide mobility, economy,
and performance, earning it the title of

“master of all roads.” It features a tele-
scopic boom and can carry up to 37,250
pounds. (16.9 tons) of ballast on public
roads, making it more flexible on site
and between projects.

MORE INFO www.liebherr.com/en-us/n
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Casa dos Ventos
places 828-MW order
for Brazil complex

Casa dos Ventos, one of Brazil’s largest
renewable energy companies, and Ves-
tas, the global leader in wind-energy
solutions, announced a new stage in
their business partnership for renew-
able projects in Brazil, with an 828-MW
order for the Dom Inocéncio wind com-
plex. The projectis in the south-central
region of Piaui — a state recognized for
its strong wind resources and one of
Brazil’s fastest-growing renewable en-
ergy hubs.

The project will feature 184 V150-
4.5 MW turbines, reinforcing the col-
laboration of more than eight years
between the two companies and con-


http://www.liebherr.com/en-us/n

FairWind will deliver the installation of 44 Vestas EnVentus turbines at Sanquhar Il Wind Farm.

(Courtesy: FairWind)

tributing to the sustainable expansion
of Brazil’s energy matrix. Construction
is expected to begin in 2026, with final
commissioning scheduled for 2028. In
addition to supplying the turbines and
managing the construction project,
Vestas will be responsible for operation
and maintenance services for 25 years
under an Active Output Management
5000 (AOM 5000) service agreement.

This announcement marks the
first major move in Brazil’s wind mar-
ket since 2023, signaling the return of
large-scale investments and Casa dos
Ventos’ confidence in cutting-edge
technologies to support its expansion
portfolio.

The project represents a total in-
vestment of over BRL 5 billion and will
be one of the largest wind complexes
in the country, capable of generating
enough energy to power approximate-
ly 2 million homes. It will significant-
ly strengthen Brazil’s energy security,
increase the share of renewables in
the energy mix, support the state’s so-
cio-economic development, and stimu-
late the entire wind energy value chain
through technical services, engineer-
ing, innovation, and professional train-
ing. Additionally, the project is expect-
ed to create more than 8,500 directand
indirect jobs during construction and

operation, boost local supply chains,
and bring direct and indirect benefits
to the region.

“Through our partnership with
Vestas, we are bringing solutions that
deliver the reliability and performance
required for a project of this magni-
tude,” said Lucas Araripe, Executive
Director of Casa dos Ventos. “This new
agreement is yet another demonstra-
tion of our commitment to supporting
the expansion of Brazil’s renewable
energy matrix. In addition to driving
the country’s energy transition, our in-
vestment will also significantly boost
the socio-economic development of the
region.”

“Receiving Casa dos Ventos’ trust
once again for a project of this mag-
nitude is a great source of pride for
us. Casa dos Ventos is a key player in
expanding renewable generation in
Brazil,” said Eduardo Ricotta, Presi-
dent of Vestas for Latin America. “It
is an honor to support a partner that
shares the same ambition: to develop
projects that drive the energy transi-
tion, expand access to clean energy,
and foster socio-economic growth in
the regions where they operate.”

MORE INFO www.casodosventos.com/br
www.vestas.com
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Under a new global contract, GPM can offer its flagship platform, GPM Horizon (Elite), fo centralize and harmonize operational data across a

multi-technology portfolio. (Courtesy: DNV)

P CONSTRUCTION

FairWind secures
Vestas contract for
Sanquhar Il wind farm

FairWind has been awarded a contract
by Vestas to deliver the full installation
scope for 44 turbines at Sanquhar II
wind farm in Scotland.

Sanquhar II, in Dumfries & Gallo-
way and East Ayrshire, is a major exten-
sion of the existing Sanquhar onshore
wind farm.

Developed by CWP Energy Ltd, the
project will be the fourth largest on-
shore wind farm in the U.K. and con-
stitutes one of the largest investments
in UK. energy infrastructure.

When completed, Vestas’ EnVentus
wind turbines will power more than
335,000 homes annually and offset
roughly 540,000 tons of CO2 every
year.

Construction is already under-
way, and operation is anticipated to

28 FEBRUARY 2026

commence in 2027 and is expected to
generate 1.2 TW/hr of electricity per
annum once fully operational.

FairWind will deliver WTG instal-
lation services. The workforce will in-
clude a combination of global experts
and locally hired technicians, with a
mix of both experienced and entry
level technicians to actively support
the development of a local skilled
workforce.

Sanquhar II wind farm presents
unique challenges with mountainous
terrain and significant distance be-
tween turbine locations.

FairWind will use expertise from
recent installations across Northern
and Central Europe, with a focus on
smooth project execution from start
to finish through effective workforce
planning, quality and safety manage-
ment, proactive communication and
early risk identification.

“We are proud to bring our global
experience and technical capability
to such a milestone project for Scot-
land’s renewable energy sector,” said

René Damgaard, UKIE Regional Di-
rector at FairWind. “Our teams are
focused on delivering the highest
standards of precision, safety and
quality and we are committed to en-
suring the project is completed effi-
ciently and responsibly. This contract
further strengthens our long-stand-
ing partnership with Vestas, and we
look forward to supporting the suc-
cessful delivery of such an important
onshore wind development. Onshore
wind remains one of the most cost-ef-
fective sources of clean energy and
will play a central role in the U.K.’s
energy transition. Once operational,
Sanquhar II will provide reliable, af-
fordable and homegrown power at a
time when energy security has never
been more important.”

FairWind, founded in 2008, has
built its global reputation through
strong project delivery, deep technical
expertise, and a commitment to high
HSEQ standards.

With more than 2,200 people glob-
ally, FairWind supports installations,



maintenance, training, and full lifecy-
cle services for turbine assets.

MORE INFO www.fairwind.com/en

” INNOVATION

GreenPowerMonitor
announces confract
with Equinor

GreenPowerMonitor (GPM), a DNV
company and leader in renewable as-
set monitoring, recently announced a
new contract with Equinor, the inter-
national energy company, for use of
GPM Horizon in its onshore renewable
energy portfolio, which can enhance
operational efficiency and asset per-
formance.

Under a new global contract, GPM
can offer its flagship platform, GPM
Horizon (Elite), to centralize and
harmonize operational data across

ColdSnap Towers

a multi-technology portfolio, which
includes wind, solar, and battery en-
ergy storage systems. The application
is underway in Northern Europe, with
potential expansion across all regions
where Equinor operates.

GPM Horizon offers a streamlined
approach to monitoring and financial
transparency, distinguishing itself by
integrating all three technologies —
solar, wind, and battery energy storage
systems — into a single platform. It fea-
tures Al-powered KPI categorization,
predictive analytics, and customizable
reporting, providing visibility and con-
trol across renewable assets.

“GPM Horizon exemplifies the pow-
er of data-driven decision-making in ac-
celerating the energy transition,” said
Juan Carlos Arévalo, Executive Vice
President, Green Power Monitoring
& Solutions, DNV. “By leveraging this
platform, Equinor is not only stream-
lining operations but also unlocking
deeper insights into asset performance
and financial analysis.”

GPM Horizon enables Equinor and
its subsidiaries to centralize opera-
tional data across a wide range of tech-
nologies and geographical locations,
allowing for more streamlined and
efficient management. It supports the
optimization of asset performance and
operational workflows, helping teams
to work more effectively. By harmo-
nizing data and processes, it simplifies
tasks for both teams and asset manag-
ers. Additionally, it enhances finan-
cial analysis by providing accurate
calculations of energy loss and reve-
nue, contributing to better-informed
decision-making.

Cybersecurity and data sovereignty
are core to GPM’s offering. All opera-
tional data is securely stored in Europe,
aligning with GPM’s commitment to
robust data protection and compliance.

“This collaboration reflects GPM’s
global-local model, combining inter-
national scale with local expertise;
Equinor’s teams benefit from GPM’s
deep domain knowledge and hands-

COLDSNAP TOWERS HAS BEEN OPERATING
IN THE WIND INDUSTRY FOR OVER 20 YEARS.
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OptiCore performs thousands of simultaneous optimizations — balancing variables such as blade geometry, weight, resin uptake, permeability,
and mechanical performance. (Courtesy: Gurit)

on support, ensuring seamless integra-
tion and long-term value,” said Anders
Husby, DNV global key account direc-
tor responsible for Equinor. “At this
level, it’s all about the data and what
it enables you to do, GPM Horizon is
designed to meet the complexities of
managing global, multi-tech portfolios,
helping customers like Equinor make
faster, smarter decisions.”

MORE INFO www.dnv.com

P INNOVATION

Gurit to provide
OptiCore for
wind-turbine OEM

With a five-year supply agreement val-
ued at about 250 million Swiss francs
now in place, Gurit has become the
core kit design partner for one of the
world’s leading wind turbine OEMs.
Leveraging Gurit’s expertise and ex-
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perience in optimized kit design, this
partnership enables Gurit to provide
OptiCore design services for all core
kits covered under the agreement,
whether supplied by Gurit or by third
parties, ensuring consistency and con-
tinuity for the turbine manufacturer.

Gurit’s proprietary OptiCore para-
metric optimization platform is de-
signed to advance the development
of engineered core solutions for the
wind sector. Through collaborative
efforts between Gurit engineers and
customers, OptiCore ensures that core
usage and treatment are precisely opti-
mized, with every groove, cut, and con-
tour finely tuned to match the blade’s
unique geometry.

“This significant long-term agree-
ment reaffirms Gurit’s continued
strength in the global wind energy
market and the depth of trust we have
cultivated with our customers,” said
Jesper Sloth, VP Sales - Wind Materials,
Gurit. “Our partners continue to de-
pend on our innovative solutions that
deliver measurable value, and this first

major contract underpinned by the Op-
tiCore platform further demonstrates
our customers’ ongoing confidence in
Gurit.”

This results in an optimized fit that
reduces resin consumption, and there-
fore the cost and overall blade weight.
Additionally, OptiCore provides a da-
ta-rich model of the blade core, which
can eventually help optimize the
structural integrity of the blade, align-
ing with the wind industry’s ongoing
commitment to more sustainable ener-
gy generation at a lower levelized cost
of energy.

By having one design partner for
all core kits, the customer will benefit
from a streamlined process, reduced
complexity, unified designs across fac-
tories, and improved integration across
their supply chain.

“Gurit’s PET extrusion and core kit-
ting plants are strategically located
near major wind turbine blade man-
ufacturing facilities,” said Daniel
Dahlqvist, General Manager — Busi-
ness Unit Wind Systems, Gurit. “This


http://www.dnv.com

proximity enables close collaboration
with blade manufacturers, allowing
rapid issue resolution and day-to-day
optimization when new Kkits are intro-
duced. Additionally, our global man-
ufacturing footprint provides a more
geopolitically stable supply chain.”

MORE INFO www.gurit.com/wind-energy

P INNOVATION

Vaisala Xweather
report: U.S. lightning
hits eight-year high

Lightning activity surged to an eight-
year high in 2025, according to Vaisala
Xweather’s Annual Lightning Report.

2025 saw 252 million lightning
strikes, a 20 percent increase from
2024. Capturing more than 99 per-
cent of thunderstorms worldwide, the
network detected more than 2 billion
global lightning events.

2025’s most active lightning day
occurred on April 5, weeks ahead of
the typical May-September season. In
the contiguous U.S., 157 severe storms,
including 21 tornadoes in the South-
east, produced more than 3 million
lightning events on April 5, surpassing
the annual totals of the 14 least light-
ning-prone states combined.

“While there is no single weather
causation for this lightning spike, the
event reaffirms a need for increased
measures to counteract the adverse ef-
fects of lightning,” said Ryan Said, Se-
nior Scientist at Vaisala Xweather. “Im-
proved lightning detection has helped
decrease lightning-related deaths by
almost two-thirds in the U.S.”

Shady Grove, Oklahoma, became
2025’s lightning capital with 3,005
lightning events per square mile. This
marks the first time in four years that
a lightning capital was named outside
Texas or Florida.

Texas topped the nation’s light-
ning count in 2025 with 47 million
lightning events, thanks largely to
the sheer size of the state. When the
numbers are adjusted for area, howev-

2025 saw 252 million lightning strikes, a 20 percent increase from 2024. (Courtesy: Vaisala)

er, Texas drops out of the top five most
lightning-dense states.

By lightning density, Florida takes
the lead with 305 lightning events per
square mile.

Lightning remains the leading
cause of wind-turbine blade damage,
costing the industry more than $100
million annually. Analysis of 68,000
turbines found nearly one third of U.S.
wind turbines were struck by light-
ning in 2025. One Kansas wind farm
recorded 3,235 strikes over 10 years,
averaging 1.2 strikes per turbine an-
nually.

Monitoring lightning and severe
weather is crucial for keeping infra-
structure operational. Vaisala Xweath-
er’sreal-time alerts keep communities
safe and advanced lightning data helps
customers identify the strikes most
likely to cause damage to their organi-
zation’s assets. This accuracy allows for
targeted inspections and repairs rather
than costly, facility-wide shutdowns.

MORE INFO www.vaisala.com
www.xweather.com

P MAINTENANCE

Netzsch introduces
tungsten carbide
fusion tech

Netzsch Pumps USA, the complex fluid
handling solutions provider, recently
announced the launch of N. Durance
tungsten carbide fusion coating tech-
nology, a surface treatment engineered
to maximize the service life and reli-
ability of NEMO progressing cavity
pumps.

Developed through research and
testing for abrasive and harsh applica-
tions, the N.Durance™ coating provides
along-term solution where uptime, du-
rability, and cost efficiency are critical.
Designed for highly abrasive and cor-
rosive applications, N.Durance delivers
a level of protection and performance
far beyond traditional coating tech-
nologies such as hard chrome plating,
HVOF, and plasma spray systems.

The N.Durance series, available in
Advanced, Pro, and Ultimate versions,
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Developed through research and testing for abrasive and harsh applications, the N.Durance
coating provides a long-term solution where uptime, durability, and cost efficiency are critical.

(Courtesy: Netzsch)

enhances rotor durability and ex-
tends both rotor and stator lifetimes
by leveraging a dense, homogeneous
fusion coating with very low porosity.
The manufacturing process achieves
hardness, toughness, ductility, and
cavitation resistance, minimizing oxi-
dation and decarburization of tungsten
carbide particles while improving the
cohesiveness of splat layers.

This results in better cracking re-
sistance, consistent wear protection,
and reliable operation under extreme
conditions. With a hardness of about
1,300 Vickers — among the highest in
the industry — N.Durance delivers pro-
tection against friction and wear from
abrasive fluids and solids common in
applications for PC Pumps.

N.Durance delivers wear resistance,
impermeability to gas and liquids, and
improved corrosion protection, and re-
places environmentally harmful hard
chrome plating manufacturing pro-
cesses. Unlike chrome plating, which
produces carcinogenic hexavalent
chromium, N.Durance employs an en-
vironmentally friendly manufacturing
method that avoids toxic chemicals
and hazardous waste.

The technology is manufactured
in-house at Netzsch’s Exton, Pennsyl-
vania, facility, ensuring consistent
quality, controlled processes, and short
delivery times. As the only progressing
cavity pump manufacturer in the U.S.
capable of producing and coating ro-
tors in-house, Netzsch can machine
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and N.Durance-coat rotors in as lit-
tle as one to two days, even offering
same-day shipment when needed. All
components are fully compliant with
Build America, Buy America (BABA)
requirements.

Ideal for industries handling abra-
sive slurries, corrosive fluids, and
erosive environments, N.Durance im-
proves the long-term reliability and
efficiency of Nemo® Progressing Cav-
ity Pumps. In municipal wastewater
plants, this translates to longer main-
tenance intervals, reduced downtime,
and improved system predictability.
When paired with Netzsch’s smart
monitoring solutions, such as Norius™,
operators can access real-time data
on pump performance for predictive
maintenance and proactive service
planning.

MORE INFO pumps-systems.netzsch.com

”» MANUFACTURING

U.K.s GT Wings
closes significant
investment round

GT Wings, the U.K.-based wind propul-
sion company behind the AirWing™ Jet
Sail system, recently announced the

close of a significant investment round

led by Grieg Kapital, the investment
arm of the Grieg Group.

Grieg Kapital invests alongside
established investment partners, in-
cluding Blackfinch Ventures and One
Planet Capital, to support GT Wings’
growth journey. The investment marks
a step forward in scaling next-genera-
tion wind-assisted propulsion for the
global commercial shipping sector.

The investment will enable GT
Wings’ growth plans, support the
broader commercial deployment of
AirWing, and accelerate the compa-
ny’s global supply-chain and manufac-
turing readiness, as demand for wind
propulsion increases with an evolving
regulatory framework.

“Wind-propulsion is emerging as
a transformative technology for de-
carbonizing global shipping, and GT
Wings has developed a practical, scal-
able solution that addresses real opera-
tional constraints for shipowners,” said
Stian Grieg, Grieg Kapital.

“GT Wings’ strength lies not only in
the solution but in the team behind it
—drawing on cutting-edge aero- and hy-
drodynamic engineering backgrounds
from F1, America’s Cup, and leading
maritime and industrial companies,
giving them the depth needed to scale
AirWing,” said Jon Gjegsund of Grieg
Kapital. The investment comes as ship-
owners face increasing pressure to cut
emissions intensity, particularly under
FuelEU Maritime, which will impose
progressively tighter greenhouse-gas
intensity requirements from 2025.
Wind-assisted propulsion is one of the
most cost-effective and immediate le-
vers available to drive adoption across

multiple vessel segments.

The market is at an inflection point.
A DNV white paper on wind-assisted
propulsion systems reports 52 ships al-
ready in operation and nearly twice as
many newbuilds on order. With most
installations so far focusing on retro-
fits, this surge in newbuild commit-
ments signals both integration from
the design stage and a faster pace of
adoption ahead.

GT Wings’ AirWing is the first
commercially available Jet Sail, a high
energy-density wind-propulsion tech-
nology designed to deliver substantial
fuel and emissions savings.
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GT Wings, the U.K.-based wind propulsion company behind the AirWing Jet Sail system, announced the close of a significant investment round.
(Courtesy: GT Wings)

Its proprietary Jet Sail technology
delivers industry-leading thrust per-
formance with a compact footprint
and minimal operational disruption, a
key advantage for shipowners seeking
high-impact, energy-saving solutions
that do not adversely encroach on deck
space.

Working closely with its global
partners, GT Wings is preparing for
large-scale installation volumes over
the coming years, driven by strong de-
mand signals and a rapidly expanding
order pipeline.

“We are pleased to welcome Grieg
Kapital as a new investor,” said George
Thompson, CEO of GT Wings. “Grieg
Kapital’s reputation for backing for-
ward-thinking, sustainability-driven
technologies aligns closely with our
mission.

The group’s heritage stems from
one of Norway’s most respected mar-
itime industrial families and the in-
vestment strengthens our ability to
scale AirWing, as demand for credible
decarbonization solutions continues
to grow.”

MORE INFO gtwings.com
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Vestas secures
102-MW order
in Italy from Edison

Vestas recently received an order total-
ing 102 MW for two wind projects in
Italy from long-standing partner Edi-
son. The projects form part of a broader
400-MW frame agreement, with the re-
maining capacity to be confirmed and
announced as it becomes firm and
unconditional.

The order consists of the Andret-
ta-Bisaccia project that will feature five
V150-5.6 MW EnVentus wind turbines
and 12 V150-4.5 MW turbines as well
as the Rocchetta project that will in-
clude four V136-4.5 MW turbines. Both
projects will be supported by a 10-year
operation and maintenance service
agreement, ensuring optimal perfor-
mance and reliability throughout their
lifecycle.

“Signing the frame agreement with
Edison and securing the first two
firm projects totaling 102 MW marks
an important step in strengthening

our long-standing partnership and we
deeply appreciate Edison’s trust and
collaboration,” said Francesco Amati,
General Manager, Vestas Italy. “These
projects also demonstrate the flexibil-
ity of Vestas’ product portfolio and our
ability to combine different rotor sizes
and power ratings to maximize value
for our customers.”

“The continuous technological mod-
ernization of our plants is essential to
achieving the objectives of the energy
transition,” said Fabio Lamioni, CEO
of Edison Rinnovabili. “At Edison, we
are leaders in repowering processes
in Italy and, thanks to our agreement
with Vestas, a highly reliable partner
with extensive know-how, we are ac-
celerating our growth in renewables.
Through new technologies, we will
double the amount of green energy
produced and drastically reduce the
number of wind turbines, with clear
benefits in terms of harmonizing our
assets with the landscape.”

Turbine delivery and commission-
ing are expected in the fourth quarter
0f2026. A

MORE INFO www.vestas.com
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By adding in the potential damage to the Earth’s ocean ecosystem,
climate damage may be nearly twice as high as was once thought.

By EURO-MEDITERRANEAN CENTER ON CLIMATE CHANGE

n international study, featuring CMCC scientists,

reveals that the true economic damage of climate

change has been vastly underestimated — because

the ocean has been left out of the equation. By inte-
grating the latest ocean science into climate-economic mod-
els, researchers found that accounting for climate impacts
on marine ecosystems and ocean-dependent infrastructure
nearly doubles the social cost of carbon. The hidden ocean
cost is estimated at $48 per metric ton of CO2, a figure that
should be added to current policy calculations.

The social cost of carbon — the monetary value that
climate economists associate with the damage caused by
emitting each additional metric ton of CO2 — has, to date,
guided climate policy, carbon pricing, and cost-benefit anal-
yses around the world. But there has been a major blind spot:
the ocean.

IMPACTS ON MARINE ECOSYSTEMS

A new paper involving CMCC scientists Francesco Granel-
la, Johannes Emmerling, and Massimo Tavoni shows that
when the impacts of climate change on marine ecosystems
and ocean-dependent economic activities are properly ac-
counted for, the cost of carbon causing climate change rises
dramatically.

Using the latest ocean science and economic modeling,
the study introduces the concept of “ocean-based social cost
of carbon,” or blue SCC, capturing climate damages to coral
reefs, mangroves, fisheries, and global seaports.

The researchers estimate the blue social cost of carbon
at $48 per metric ton of CO2, a figure that should be added
to existing estimates of the social cost of carbon. This esti-
mate is based on a standard “business as usual” scenario,
in which no additional climate policies are implemented
and climate change continues along its current trajectory.
When compared with the values used in policy frameworks
across countries, the results show that accounting for ocean
impacts nearly doubles the social cost of carbon.

“The social cost of carbon puts a monetary value on the
damage caused by emitting one additional (metric ton) of
C02, making it a practical tool for cost-benefit analysis and
for informing carbon pricing,”

Emmerling said. “Because CO2 stays in the atmosphere
for centuries, each (metric) ton has long-lasting impacts on
societies worldwide. Existing estimates already account for
effects such as mortality, health, biodiversity loss, and eco-
nomic damages, but until now they have largely overlooked
the ocean.

Our work focuses on quantifying that missing ocean com-
ponent, which matters because the ocean covers most of the
planet and, although its links to society are often indirect,
they are highly relevant and have significant economic and
welfare consequences.”

WHY THE OCEAN MATTERS

The ocean covers more than 70 percent of the Earth’s surface
and supports a wide range of economic and social benefits,
from food supply and trade to coastal protection, health, and
cultural value. Yet, its role has largely been absent from the
climate-economy models that underpin carbon pricing and
policy decisions.

The study brings together a rich literature of biophysical
and economic studies into a single integrated framework,
translating physical climate impacts into monetary wel-
fare losses. This includes not only market impacts, such as
reduced fisheries productivity or port disruptions, but also
non-market values such as nutrition, health, biodiversity,
and recreational values.

One of the most significant findings is that health
impacts linked to fisheries account for nearly half of the
ocean-related climate damages. In many countries, especial-
ly lower-income and island states, fish are a crucial source of
protein and micronutrients. Climate-driven declines in fish
stocks translate directly into higher mortality and poorer
health outcomes — high-cost impacts that are rarely visible
in traditional economic assessments.

Coral reefs emerge as another major driver of losses.
Highly sensitive to temperature and ocean acidification,
reefs provide ecosystem services worth hundreds of thou-
sands — and in some cases millions — of dollars per hect-
are, from tourism and fisheries to coastal protection and
biodiversity.

A STARK REMINDER OF THE IMPORTANCE

OF CLIMATE POLICY

The study finds that ocean-related damages are unevenly
distributed across regions. Countries with high dependence
on marine ecosystems for food, tourism, and transport —
including many lower-income countries and small island
developing states — face disproportionately large welfare
losses. In some economies, ocean damages account for 20
to 30 percent of total climate-related welfare losses, signifi-
cantly amplifying existing inequalities.

By omitting ocean impacts, current estimates of the so-
cial cost of carbon — and therefore optimal carbon prices

— are systematically too low. For comparison, carbon prices
in major markets such as the EU currently hover around
70 to 80 euros per metric ton, well below the levels implied
when ocean damages are included.

The findings suggest that fully accounting for ocean
impacts could justify significantly higher carbon prices,
strengthening the economic case for faster emissions re-
ductions.

“What this study shows is that nature supports human
well-being in fundamentally different ways, and a shifting
climate threatens many of these contributions,” Granella
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One of the main takeaways from the study is that it really is
important to take into account all different aspects of climate change.
(Courtesy: Shutterstock)

said. “The ocean provides direct economic benefits like sea-
food and shipping, but it also sustains us through services
that hardly appear in market transactions, such as coastal
protection from mangroves, nutrients critical for human
health, and the intrinsic value people place on knowing that
marine ecosystems exist and that they will still be there
for future generations. We need to recognize that all these
contributions are highly valuable to human welfare. Losing
a coral reef or a mangrove forest isn’t just an environmen-
tal loss, it’s a loss to human wellbeing that can’t be easily
compensated for with money or manufactured alternatives.”

“One of the main takeaways from this study is that it re-
ally is important to take into account all different aspects
of climate change,” Emmerling said. “It has effects on many
things, a lot of which are still unrepresented — at least in
economic modeling, and it can have a huge impact on so-
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cieties and the economy. These damages are also highly
unequal: Poorer and more vulnerable regions, particularly
small island states, depend heavily on ocean ecosystems for
livelihoods, food, and income. Damaging the oceans there-
fore risks deepening existing inequalities and increasing
poverty.”

“The paper shows the importance of marine ecosystems
for societal well-being and for the evaluation of the true cost
of climate change damage,” said Tavoni, CMCC’s principal
scientist and director of CMCC’s European Institute on Eco-
nomics and the Environment. “The standard accounting of
the socio-economic costs of climate change has ignored na-
ture. In this and previous work published in Nature with the
same collaborators, we have deepened our understanding
of the fragility of ecosystems, and their consequences for
humanity.”

The study was funded through the Scripps Institutional
Postdoctoral Fellowship. Additional study authors include
Octavio Aburto-Oropeza from Scripps Oceanography; Luke
Brander from Leibniz University; William WL Cheung from
the University of British Columbia; Chris M. Free from UC
Santa Barbara; and Jasper Verschuur from the University of
Oxford. -

ABOUT CMCC

The Euro-Mediterranean Center on Climate Change (CMCC)
is a leading research institution dedicated to climate science,
providing cutting-edge insights and innovative solutions for
climate adaptation and mitigation strategies. CMCC plays a
pivotal role in global climate research, working closely with
international partners to advance climate modeling, forecast-
ing, and policy recommendations. Read the full paper at www.
nature.com/articles/s41558-025-02533-5.
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