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Disclaimer
The study Comparison of Multi Megawatt Wind Turbines Gearbox or Direct Drive was
established at the initiative of VerVent to inform stakeholders of the non-profit organization
ATO about the developments at VerVent. ATO is the main funder of the development of an
innovative gearbox for HAWTs for capacities above 12 MW. The development has led to
several patents.
Those involved in ATO form a diverse group, ranging from technical, economic and practical
minded. The study is broad, sufficiently in-depth and provides a picture of the technology
and economy of direct drive and gearbox wind turbines.
It concerns a literature study with the aim of showing the future position of both direct drive
and gearbox turbines for offshore use. Literature appears to be outdated in several respects,
although conclusions are valid, and the many studies are qualitatively in line. However, the
quantitative data does not seem to match well because of the different research objectives.
A lot of inter- and extrapolation work was needed to paint a quantitative picture.
All calculations using public literature and quantitative data are made in good faith.
However, VerVent is not responsible for the accuracy of the information provided or
responsible for any use of the content.
If you have any questions, comments, or remarks about this study, please contact us.
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Summary
VerVent is working on concept designs of a new powertrain for large-scale horizontal axis
wind turbines (HAWTs) in the range of 10-20MW, the VerVent MergedGear and Megatorque
20.
The study Comparison Multi Megawatt Wind Turbines Gearbox or Direct Drive is based on
professional public literature written by scientific and research organizations and on
information from suppliers and manufacturers. VerVent states emphatically that the study
only concerns the offshore wind energy market.
During the project, good thought was given to other wind turbines and drive systems,
gearboxes and direct drive. The questions that arose then have not all been answered. The
aspects that have been considered in the study of VerVent, the way in which the gearbox
and direct drive technology have been compared and considerations that play a role are
collected in this document.
The global offshore wind
energy market currently has
three major players: GE and
Siemens Gamesa (direct drive)
and Vestas (gearbox). The
nominal capacity of an
(offshore) wind turbine is
growing rapidly. 12 MW is
already becoming a standard
and it is expected that Vestas
will bring a 15 MW to the
market in a few years.
Direct drive has received a lot of attention in recent years because this type of turbine has
fewer rotating parts, is more efficient and requires less maintenance than a turbine with a
gearbox. Direct drive turbines with permanent magnets up to approx. 10 MW are assumed
to be lighter.
The growing Multi Mega Watt Wind Turbine power can be a game changer for direct drive
and gearbox wind turbines. Direct drive turbines, like gearbox turbines, will become heavier.
The direct drive ring generator will grow in diameter, require a larger support structure and
become heavier. Deformation can be avoided, but there is a price to pay in the weight gain
for a rigid structure.
The Vestas turbine has a gearbox and a strong position in the offshore wind energy market,
also competitive in the growing capacities (MWs). The gearbox of the Vestas Turbines is a
type that has been used for years. The question is whether this gearbox will meet the
requirements for scaling up to more than 15 MW. Will it become heavy, expensive and
fragile?
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Direct drive will need more electro-magnetic materials (copper, neodymium because more
poles to transform torque into electricity). Some of these materials must be imported from
China and are subject of increasing prices.
VerVent has made the best possible estimates to the best of its ability and expertise to make
a technical and financial comparison between direct drive and geared wind turbines.
Both technologies have been analysed. The analysis and comparisons were made with the
knowledge and experience of VerVent and public literature. VerVent explicitly states that
the analysis is not exhaustive and that there will also be other arguments when choosing
gearbox or direct drive technology.
Conclusions of the technical and financial analysis
The weight of direct drive wind turbines is likely to grow proportionally faster than the
weight of gearbox turbine. The consequence of the growth of the nominal power and thus
the need for a larger generator (larger diameter) is that the supporting structure will also
become heavier to prevent deformation during the rotations of the generator.
Although the reliability of gearboxes has increased through experience and maintenance and
repair has become less, the question is to what extent the current gearboxes for medium
and high(er) speed generators can be scaled up to a significantly increased torque.
The proportion of active material (copper, neodymium, etc.) in direct drive turbines remains
high and will also grow rapidly as the nominal power increases. This and the cost of a heavier
load-bearing structure will have a major impact on the cost of the direct drive nacelle.
Direct drive turbines will undoubtedly keep the advantage of lower regular maintenance
costs over a gearbox turbine. But the difference can get smaller. If a direct drive generator
fails, repair and/or replacement costs can be high and higher than a gearbox repair.
The question is whether such a repair or replacement will take place and how often during
the lifetime.
With the conclusions drawn about the development of both technologies, direct drive and
gearbox, sensitivity calculations have been made.
Two perspectives were used for these calculations. One of these is based on the results of
the literature study, the VerVent Calculations; for the second, the basis is the Pathway study,
made by TNO and BLIX. This perspective is called VerVent Pathway Calculations.
Because most investment studies calculate with a turbine that is not further defined as a
gearbox or direct drive, VerVent uses the same investment costs as Default for both types.
The scenarios relate to variations in system losses, O&M and investment costs. By using the
same investment amount for direct drive and gearbox turbines, the effect of a different %
for system loss or O&M or a lower investment amount for gearboxes becomes clear.
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The results of the VerVent Calculations are, as expected, that the direct drive turbine in
Default has a lower LCOE, as both system losses and O&M costs are lower for this type of
turbine. The simple conclusion is that the investment in an MMW gearbox turbine should be
lower than that in a direct drive turbine.

The sensitivity analysis further shows that with an equal investment for direct drive turbines
and gearbox, a reduction in the system losses of the gearbox turbine has no significant
impact on the LCOE.
An increase in the O&M costs of the direct drive turbine, due to a larger ring generator and
heavy load on the MBU) certainly increases the LCOE of this turbine. The increase used in
the analysis is not yet sufficient for an LCOE comparable to that of the gearbox turbine; the
latter continues to hold a higher LCOE.

Results of the VerVent Calculations
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If the investment amounts that have emerged from the studies (and have been processed by
VerVent to make a total overview) are used, then the gearbox turbine has the lowest LCOE.
The Results of VerVent Pathway Calculations do not differ much. As In the VerVent
Calculations, in the Default situation where only the system losses and O&M differ, direct
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drive has the lowest LCOE. Scenarios 1 and 2 pictures for system losses the same as in the
VerVent Calculations and lower system losses do not change the picture much.
With a 7% lower investment in gearbox turbines (scenario 3) the LCOE of direct drive and
gearbox turbine are the same. Following the investment costs of Pathway this is a difference
in the investment of approx. M€ 150 for 10 MW turbine and M€ 203 for the 15 MW turbine
(both gearbox investment lower).

It is obvious that if the investment of the gearbox turbine is lower (scenario 4, )the system
losses according to scenario 2, the O&M costs according to scenario 3, the LCOE for turbine
with gearboxes is much lower than that of direct drive.
Scenario 5 uses the Pathway study investments for the 10 and 15 MW gearbox turbine. The
difference between direct drive and gearbox turbines is 12% (10 MW) and 9% (15 MW)
respectively.

In scenarios 4 and 5 of the Pathway Calculations the LCOEs of the gearbox turbine are lower
than those of direct drive. But that does not necessarily mean that the gearbox turbines
makes more profit. Because the system losses of the direct drive turbine are lower than
those of the gearbox turbine, the efficiency is higher and thus the turnover.
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The difference in LCOE between the two must be large enough in favour of the gearbox
turbine to make up for this increased output/profit.
Overall
Investment costs for higher powers (>10 MW) can go faster for direct drive than for gearbox
turbines. If the system losses and O&M remain at the same level as assumed, the LCOE for
gearbox turbines will be lower than that of direct drive, because direct drive must be able to
accommodate an unequal wind load of the increasingly larger ring generator. This demands
a lot from the generator, MBU and supporting structure.
While many gearbox improvements have been made and there is also a growing confidence,
the question is whether the increasing torque can be managed by the gearbox and whether
this increased torque also leads to higher O&M costs for gearbox turbines.
The weight and investment cost of direct drive will grow proportionally faster with
increasing rated power than that of a gearbox turbine. This works in favour of the gearbox
turbine. Although the analysis of the 12 MW turbines shows a lower LCOE for direct drive,
the difference between direct drive and gearbox technology is small.
The three main producers of offshore wind turbines, Siemens Gamesa, Vestas and GE, show
that there is at least a market equilibrium. If the conclusions about growth in rated power,
weight and cost of direct drive and gearbox turbines are correct, this could lead to a
competitive, lower LCOE of gearbox turbines compared to direct drive.
Which type of turbine is currently best prepared for growing abilities? The question is
whether (incremental) improvements are sufficient to cope with these abilities for both
direct drive and gearbox turbines or are technical game changers needed for both types.
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The current gearbox will also have to be thoroughly examined to see if it is suitable for the
increasing MMW capacities, despite all the improvements in recent years that have made it
much more reliable.
It is more about the confidence that an owner will have to have in gearbox technology and
the guarantees that the supply chain partners are able to provide. It is up to the
shareholders to make a choice that they believe will meet the expectations of the asset
during the operating period.
The shareholders of the OEM are also confronted with continued product innovation and
incremental improvements. The lifetime of individual turbines need to be ensured from a
project perspective, while at the same time the turbine platform should enable upscaling
and margin improvements as well. Increasing the nominal power of currently available
turbines are or will be confronted with limits to increase the rated power on the same
platform.
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Introduction
VerVent is a small innovative engineering company that develops innovative sustainable
solutions with a special focus on the (offshore) wind industry.
A core team of VerVent specialists is working on concept designs of a new powertrain for
large-scale horizontal axis wind turbines (HAWTs) in the range of 10-20MW + and of a
vertical axis wind turbine (VAWT) with a split rotor. VerVent team members have a
background MW DD turbines development. In 2006 they founded Darwind (currently
Darwind-XCMC). The Darwind turbine was a 5 MW turbine, conceptualized at a time when
2WM was considered industry standard.
The nominal capacities of wind turbines are increasing and with it the technical challenges to
run these turbines without problems. The current major manufacturers produce turbines
with a gearbox (Vestas) or direct drive turbines (GE, Siemens Gamesa). VerVent believes that
there are opportunities to develop an innovative concept that fits within the expected
upscaling and can supplement the current options.
The HAWT concepts MergedGear and Megatorque 20 are the results of many years of
development. The first horizontal shaft drivetrain concept, part of the Megatorque 20 for
wind turbines was conceptualized in 2013.
VerVent felt the need to explain the research process leading to the design of the
MergedGear and Megatorque HAWT concepts to her relations that have a diversity of
backgrounds. So, the explanation must be understandable and make sense. Not an in-depth
study of gears, bearings, and ratios, but a broad explanation of technical, economic and
financial aspects that play a role in the decision process of the investments of windfarms.
The study Comparison Multi Megawatt Wind Turbines Gearbox or Direct Drive is based on
professional literature written by scientific and research organizations and on information
from suppliers and manufacturers. The study only concerns the offshore wind energy
market.
To make a good comparison, both technologies must be analysed. This analysis and
comparison was made with the knowledge and experience of VerVent and with a literature
study. VerVent explicitly says that the analysis will not be complete, nor will there be other
arguments that will be considered when choosing gearbox technology or direct drive
turbines.
The study has two major subjects. A comparison between direct drive and gearbox nacelles
of wind turbines and a comparison of these type of the LCOE. VerVent hopes that this
document gives the reader a clear and understandable overview of both types of turbines
and the pros and cons of future upscaling to nominal powers of more than 15 MW.
Comments, additions, including numbers, are welcome.
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Multi Megawatt Turbines: gearbox or direct drive?
Electricity production by wind turbines can be done with a gearbox and generator or simply
a (large) generator, direct drive. The latter is a wind turbine rotor (with blades) connected to
a large slowly rotating ring generator. Direct drive has advantages over the combination of
gearbox and generator: fewer moving parts, less losses. One of the main drawbacks is the
amount of rare earth materials needed.
There are three industry leaders in offshore wind that will bring turbines with nominal
power of 12MW and more to the marketplace.

Two of these OEM’s produce direct drive Turbines; Vestas uses gearboxes. In 2020 Vestas
was the largest of the three with a turnover of approx. 15 Billion Euro’s.
There are several subjects that will influence the choice of a type of wind turbine:
• Levelized cost of energy, investment, costs, yield. (LCOE)
• Reputation and financial credibility of the manufacturer
• Robustness and reliability
• Materials used in manufacturing
• Manufacturer's warranty.
• The structure of the supply chain.
When selecting the wind turbines, cost and technology reliability are most important.
Unexpected repairs and / or maintenance, especially offshore, are expensive and take much
time. Time in which no electricity is produced.
TU Delft 1conducted a comparative study in which different specialists in the wind energy
sector were asked their opinion on direct drive technology versus gearboxes, using the BestWorst Method, to understand the relative importance of the determinants both wind
turbine drives, and which drive technology then has the greatest chance of success.
It turns out that the cost of energy and reliability were the most important determinants for
technology success and that both technologies still have an equal chance of achieving
success.
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Also important is a technological comparison, about torque and non-torque loads. To what
extent can both technologies manage heavy loads (torque), what does this mean for
maintenance and repairs? Can maintenance be conducted easily and cost-effectively and can
repairs be conducted on site without completely dismantling or disposing of the technology
and repairing it in a workshop?
In the following table the calculated Rated Gross Power and Torque for future rotors seizes
are mentioned. As starting point the assumption is made that a direct drive and a geared
turbine with the same nominal power will produce the same input torque.

The powertrain of both systems will have to manage these torque loads. Even more torque,
as it seems impossible to absorb all sudden gusts of wind before they occur with blade
settings or systems like Lidar. The main question is whether these drives can manage this
torque load levels by the technical and financial-economic requirements of the market.
Since energy costs and reliability, as the TUD report 1 concluded, are the most important
determinants for the success of the technology, and the LCOE of the turbine is also an
important determinant, the underlying technologies and processes will have to be analysed.
The nacelle of the wind turbine, divided into main bearing unit, direct drive and gearboxgenerators are compared. Other parts of the nacelle and wind turbine are not discussed in
detail but are referred to. In addition, a financial economic comparison is made, using the
LCOE as the outcome. Different scenarios are calculated. Based on both comparisons, some
conclusions are drawn that can play a role in choices for Multi Mega Watt Wind Turbines.

Power transmission: MBU, direct drive, gearbox, generator
Main Bearing Unit
To enable a comparison between Gearbox and direct drive transmission it is necessary to
understand what the influence is of the main bearing unit considering loads, losses and
damages caused by non-torque loads.
The main bearing unit (MBU) is the connection between the rotor hub and the nacelle. The
torque of rotating blades directly (1-1) transferred on the MBU.
In recent years, more attention has been paid to the MBU. One of the assumed reasons is
that there are more repairs and/or maintenance on the MBU because the wind turbines are
getting larger. However, the literature review, summarized in "An Overview of Wind Turbine
Main Bearings: Design, Operation, Modelling, Damage Mechanisms and Fault Detection" a
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Wind Energy Science discussion (2019) 2 states that there are few public sources to
substantiate this reason.

The figure shows (from the study):
A. Interactions between the wind field and turbine controller generate loads across the
rotor which are then transferred by the MB unit, as shown in B.
B. This in turn leads to the internal load conditions experienced by bearing rollers and
raceways, shown in C.
C. This high toque levels result in characteristics of tribological mechanisms which lead
to damage and failure of MB components, shown in D.
D. Damage to gears and bearings.
Ad. B: Radial and axial (thrust) loads (from: Kaydon website 3)
Bearings support a shaft or
housing to allow their free
movement in one shaft rotation.
Loads can be applied to bearings in
two basic directions. Radial loads
act perpendicular to the shaft
(bearing rotational axis). Axial
(thrust) acts parallel to the axis of
rotation. When these loads are
displaced from the supporting axis
(distance St) or the radial plane
(distance Sr), a resulting moment
load (M) is created.
Ad. C: Tribological Mechanisms
The reactions that eventually cause different loads cause undesired wear on the main
bearings. Wear that creates metal shavings. The beginning of a chain of undesired events,
which eventually leads to damage to the same main bearing. These will then have to be
replaced prematurely, often earlier than the predicted lifespan.
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Ad. D: Damage to the main bearing unit concerns the following.
There is a lack of information about failure and damage. What kind of damage occurs?
The topic requires an understanding of the types of loads, such as hub and LSS loads and the
load distributions across bearing circumferences, including includes wind field effects,
interactions with controllers, and design implications for time-varying loads.
Deflections will occur between the hub assembly and the transmission system, either the
ring generator or the gearbox. These should not be too large but may happen to some
extent. The degree of deformation of the mechanical structure due to the wind load is also
highly dependent on the structure of the rest of the turbine. In general, it can be said that
the bending load on the main shaft is caused by the weight of this main shaft itself.
Wind gusts must be able to be absorbed, but also disturbances in the airflow through the
tower, yaw errors because of incorrect measurements, poor calibration or the time
difference between changing wind direction must be able to be absorbed by the MBU.
The wind speed can increase within a minute from, for example, 12 to 25 m/sec. Although
there are several systems that can predict this (Lidar), the structural design must be able to
withstand sudden wind changes and gusts. Adjusting the blades or other electromechanical
systems can prevent the load on the rotor and nacelle from being overloaded (causing major
damage).
For the MBU, this implies that the bearings supporting the rotating part must be able to
support the weight and all rotating loads and transmit the torque to the gearbox, ring
generator or to tower / foundation.
These loads, caused by the (sudden) changing wind speeds, place high demands on the
bearings of the main shaft. When used offshore, wind turbines are also exposed to corrosive
seawater and spray. If these bearings must be replaced prematurely due to wear etc.
because the correct bearings have not been used, or because the quality is not high enough,
this will certainly be a technical challenge at sea and involve excessive costs.
The basic principle is that the construction (this applies to the entire construction, including
all other parts of the nacelle) must at least be able to achieve the predetermined lifespan.
For the MBU the choice of bearings is crucial for its service life and thus the prevention of
unexpected replacement, repairs, and maintenance. This makes no difference whether it is a
gearbox or direct drive turbine but the impact during the operational period will certainly be
different.
“A review of wind turbine main bearings" 2 concludes that much work remains to be done to
correct the behaviour of MBU’s in wind turbines to understand. According to this study,
MBU’s have received little attention in both design standards and research.
Solutions
NREL mentioned in Gearbox Reliability Collaborative Project Report 2011 4, that Spherical
Roller Bearings (SRB), which is used on the downwind side, significantly shorten the service
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life because these bearings perform poorly in taking thrust and it is better to replace them
with tapered roller bearings.
On the other hand, SKF states in a more recent document that SRB bearings are suitable for
use in a main bearing unit (https://www.skf.com/be/nl/news-and-events/news/2019/201910-08-wind-turbine-main-shaft-bearing-design-considerations) 5.
Turbine manufacturers also have different design philosophies in their choice of bearings
for different roles. Some turbines are more flexible than others and can accommodate
misalignments without experiencing parasitic loads from shaft deflection. This can be
achieved by using two sets of spherical roller bearings (SRB) (one locating and the other
non-locating), or an SRB and a CARB bearing combined (as CARB bearings can
accommodate axial deflection and misalignment). In the SRB design, the rollers have some
freedom to position themselves within the bearing, accommodating deflection and
misalignment, while ensuring that loads are evenly distributed across the surface of the
rollers.
The opinions of research institutes and companies are divers. The article “Turbine
Components: bearings” 6 in windpowerengineering.com (2015) the editor writes the
following:
A main shaft design with tapered roller bearings (TRB) with preload can also improve
drivetrain performance. TRBs provide system stability and rigidity, load distribution
between rows and predicted interactions between rolls and races. This design allows for
different configurations.
It is certain that there is a difference in load if it concerns a direct drive Turbine or a gearbox
Turbine.
• With direct drive, the weight of the heavy ring generator also ends up on the MBU.
• The weight is not exactly centred, but is on the outside, windward side.
• With a gearbox turbine, the weight on the MBU is lower, which in principle will lead to
less load and less wear.

Direct drive
The generator speed of a direct drive wind turbine is equal to the rotor speed because the
rotor is connected directly to the generator. Dominant offshore is the direct drive turbine
with a permanent magnet generator (PMG).
For the DD system, there are two important parts that must work reliably and without much
maintenance and repairs: the MBU, the part that connects the rotor hub to the ring
generator, and the huge ring generator. These two parts are firmly connected to each other.
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Photo shows the GE Haliade 12 MW test
turbine installed on Maasvlakte. The
rotor hub is smaller than the ring
generator. The sizes are enormous; a lot
of weight positioned in front of the
tower.
The question is to what extent the nontorque loads are absorbed by the MBU
and not passed on to the ring generator.
In addition, it is important to know
whether the shape retention is sufficient to prevent the direct drive generator from being
influenced too much by these loads. Even more so because keeping the air gap between
rotor and stator is crucial to the efficiency of producing electricity.
The following three major advantages for direct drive are mentioned.
1. The costs for the offshore support structure for direct-drive wind turbines is lower due to
its lighter weight.
2. Direct drive has more potential for further improvement.
3. Direct drive is more efficient for future higher power rating classes because the gearbox
wind turbines require extra stages of gears, leading to more gearbox losses.
Some of the disadvantages of direct drive are:
4. The disadvantage of direct dive wind turbines with permanent magnets is that many rare
earth elements are used.
5. Another drawback of a PM DD turbine is that the number of magnets used for the PMSG
technology is equal to the number of poles that need a large diameter
6. Misalignment of the MBU can cause major problems.

Explanation of the advantages and disadvantages mentioned
Concerns 1:
Some reports state that the direct drive Turbine has a lighter nacelle because permanent
magnets can be used. These are lighter than the materials (copper, laminates and other
metals) used for an induction generator. The omission of a gearbox in favour of a larger
direct drive generator makes the drivetrain lighter so far, but it is expected that as the
nominal power increases (10 MW Multi Mega Watt Turbines), the support structure for the
generator (a growing diameter) will also increase non-linearly.
Concerns 2:
Experts argue the gearbox wind turbine is at its maximum efficiency point, while the directdrive turbines have more possibilities for improvement. The question then becomes what
these improvements could be. A direct drive turbine is, simply put, a large generator. The
choice for PM or electromagnetic has already been made.
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Concerns 3:
Direct drive has fewer losses because there are no changes in torque and speed (other than
caused by wind) as with a gearbox and where some of the energy is absorbed by the
gearbox. A direct drive generator has fewer moving parts. This can lead to less breakdowns
and maintenance, which is of course a principal factor offshore.
Concerns 4:
A drawback of direct dive wind turbines with permanent magnets is that rare earth elements
such as Neodymium-IronBoron (NdFeB), Alnico, Bonded Neodymium and Samarium Cobalt
(SmCo) are used. These earth metals are mined in China. Due to social difficulties, China can
use this export product in the international geopolitical game.
Concerns 5:
The number of magnets is that used for the DD PM technology is equal to the number of
poles. It is precisely the latter that means that, because a DD turbine rotates slowly, the ring
generator has such a large diameter. And this will increase with the growth of the nominal
power.
Concerns 6:
DD = MBU. Misalignment of the MBU can damage the bearings, including the tapered roller
bearings, which are now common in MBUs. With direct drive turbines, it is important to
keep the air gap to consider the support structure and the MBU and generator as one
subject. All gears and bearings in this topic must be designed and developed in such a way
that the torque and non-torque loads can be managed and absorbed.
If the ring generator fails and needs a to be repaired there are two possibilities: back to
shore: long down time or on location: equipment, long downtime. The larger the generator,
the bigger the ”repair” problems.
Timken (Wind Turbine Common failures and Solutions, Canada 2017 Conference 7) mentions
that damage caused by loss of pre-load settings finds its origin by assembly and damage to
the cage construction that is related to the design. The advice is to control the bolts and
keep the bolts on tension. Although the latter can be difficult due to generator interference.
It is said that this is to reduce MBU failures when preload TRB is widely used in DD turbines
(instead of SRB), but as described earlier, opinions differ on this. The occurrence may be low,
but the consequences if a failure does occur in the direct drive MBU are large, including
weeks, if not months of downtime. In addition, chances are considerable that damage has
also occurred to the ring generator. Usually, the repair must be done in a workshop. So, a
crane and heavy transport equipment is needed to have repairs conducted.

Further Developments
NREL 2017 8 mentioned that “It is known that the mass of direct drive wind turbines
generator scales disproportionally with turbine size because structural support requirements
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dominate the overall mass as the torque level increase NREL doubts a further scalability of
these machines.
Efficiency
• Decrease in efficiency due to adjustments to the DD generator in connection with
preventing malfunctions
• The air gap must be large enough to accommodate the rotation of the ring generator.
The larger the gap, the less the efficiency of the electromagnetic materials.
Material use
The increasing use of rare earth metals and copper with increasing power will make the
direct drive turbine more expensive.
Maintenance and repairs
• It is possible that the cost share of O&M for direct drive turbines will increase because
the large diameter of the ring generator is much more sensitive to deformation and
damage the structure (insufficient air gap).
• This increased chance does not only apply to the nacelle, but also to the supporting
structure, the tower, and the foundation
All these points can be prevented by a stronger and heavier construction.
• The question then is to what extent the increasing use of materials influences the
investment costs
• Another question is to what extent maintenance and costs will increase
• The increasing vulnerability of the ring generator with increasing power and the
probability of failure is a crucial point in the further design of DD turbines with a nominal
capacity 12MW and above.

Turbines with gearbox - generator
A wind turbine with a gearbox accelerates the slow speed of the rotor (5–10 revolutions per
minute) to the higher speeds required, allowing a generator to be used that rotates between
the 500 and 1.500- rpm.
Gears and Bearings
Gearboxes were not originally designed for the large machine with irregular vibrations called
wind turbine. Today, the manufacturers have learned a lot and the quality of the gearboxes
has improved enormously. It is good to describe what caused the gearbox failure in the past
and what improvements have been made.
Past experiences with wind turbine gearboxes were poor. Until the beginning of this century,
this type of wind turbine dominated; only Lagerwey and Enercon brought direct drive to the
market.
Causes of failure
Failures and damage to gearboxes, leading to downtime and repairs, can have various
causes: from manufacturing defects, manufacturing close to the margins of the parts,
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standards that no longer apply for upscaling, fatigue at gears and bearings, disproportionate
wear, etc.
As SKF in Premature bearing failures in industrial gearboxes 7, mentioned:
Bearings in large industrial gearboxes or drive train applications, such as paper mills,
crusher mill gearboxes, lifting gear drives - or especially in wind turbine gearboxes - are
often subjected to a wide variety of operating conditions that, under certain circumstances,
may push them beyond their limits. This may cause a bearing failure, resulting in what is
often described as white etching cracks, sometimes also called white structure flaking.
All this can be found in a gearbox: damaged gears, broken teeth, sharps due to excessive
wear (metallic and non-metallic inclusions, cracks in bearings (followed by white edging
areas), banding and debris.
Weakest spots in a wind turbine gearbox
In the study "On design, modelling and analysis of a 10 MW….” 9 the potential for fatal
damage in a 10 MW gearbox for wind turbines was modelled. In this study only tapered and
cylindrical roller bearings were used. The weakest spots are clearly visible.

NREL 9 and Gearbox Typical Failure Modes, Detection and Mitigation Method 10 concluded
in also in other studies (2011, 2015) that researchers "have found no reason why gearboxes
fail to meet their design life". The projects yielded "a lot of insight and data" that is used to
increase knowledge about how a gearbox in a wind turbine functions and what causes
malfunctions. Improvements were also made during the projects in the use of the correct
bearings, alignments and lubricants that would lead to fewer breakdowns and repairs. NREL
stated in 10 that “Both 2007 and 2012 data indicate the gearbox as the highest downtime
driver, but this was reduced by 67,7% in 2012 with respect to 2007”.
The conclusions of these studies seem justified that the use of different bearings (double
row, spherical, journal) and options for more qualitative lubrication are crucial. By using the
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suitable bearings and lubrication, a gearbox should last a lifetime without unexpected
repairs and a lot of maintenance.
Although most reports are already several years old and some data can be outdated, the
figures show that much has improved. More recent data will have to show whether this is
indeed the case.
One of the conclusions in Optimized Generator Designs for the DTU 10-MW Offshore Wind
Turbine using GeneratorSE (NREL 2017 8) was:
“The analysis supported earlier studies that found medium speed PMSG design to be the
most promising candidate at the 10-MW level because the design uses significantly less
permanent-magnet material than its direct-drive counterpart while sustaining decent
reliability levels even with the inclusion of a gearbox (such that OpEx is relatively low
compared with the other designs)”.
NREL states that “medium speed permanent magnet generators with single stage gearboxes
(PMSG-MS) are gaining popularity, with an increasing number of original equipment
manufacturers opting for this configuration in large-scale offshore wind turbines with
considerable weight saving, high annual energy production and lowest LCOE”
The calculated difference in investment in this study between PM Direct Drive and PM
Medium Speed is 6,2% (PMMS cheaper).
Further analysis of the bearings should provide more insight and lead to robust solutions.
The image from 9 shows which bearing suffers the most during the simulated 20-year life of
the gearbox. The many studies consulted also state what the solution can be, which leads to
a longer lifespan.
To avoid stress concentration and failure, designers need to modify the gearbox to avoid the
unwanted loads and stress. Seals and lubrication systems must run consistently even with
large temperature fluctuations. Dirt and moisture can accumulate in the gearbox.
Further developments
Superior design, correct gears, bearings, and lubrication are essential for less maintenance
and repairs over the life of the wind turbine.
The manufacturers use the experience gained in practice to implement improvements, such
as better lubrication and the use of the most suitable bearings and can develop gearboxes
that can manage more torque with this experience.
Roller bearings in gearboxes are increasingly being replaced by journal (plain) bearings:
fewer parts, no rolling parts, just a thin film of oil that rotates the pinions and gears. With
journal bearings, more compact gearboxes can be built, and reliability will also increase. In
addition, journal bearings are lighter than roller bearings and easier to install.
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The following are mentioned as advantages:
• Greater Reliability
• More efficient
• Less noise, less non-load
Gearboxes for MMW turbines, World’s largest wind turbine gearbox Integrated Drive
System 11 writes:
In 2016 Winergy developed a gearbox that achieves an input torque of 10,000 kNm.
Winergy claims that a 70% increase in torque potential was achieved with only 20%
weight gain compared to gearboxes used in 6 MW wind turbines. In a test, a gearbox
efficiency of more than 98% was achieved. Also, the costs were reduced.
RENK AG already built a 16MW gearbox to obtain more understanding of mass, volume, and
the complexity of these constructions (Aandrijftechniek, August 2013 12).
RENK’s EQ-Gear® line has the following characteristics:

According to RENK, wind turbine gearboxes rated at 15 MW have a futuristic perspective,
but feasible state-of-the-art technology ready for industrial scale.
Conclusions
The conclusions that can be drawn from the literature consulted are that the experiences
with a gearbox in the past were bad, many malfunctions, repairs and unforeseen
maintenance. Investors found a suitable alternative in the direct drive turbine.
There have been many improvements in gear costs for wind turbines in recent years.
Research has shown that with better bearings and lubrication, the number of failures and
repairs decreased. Much is expected from the application of plain bearings in various places
in the gearbox. It is too early to say whether this type of bearing will be a success.
The gearbox can be a viable choice for increased power. The question is whether the current
gearboxes with two or three planets and a parallel transmission, medium speed, are also
suitable for the larger MMW capacities of the future. Winergy and RENK already have
gearboxes for MMW turbines, more than 12 MW.
The development of wind turbine gearboxes does not stop. However, system losses of
gearbox turbines will remain bigger than of direct drive turbines.
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DD Generator and Gearbox-Generator Compared
Points of attention regarding the generators that concern the construction have already
been discussed with the direct drive principle and the gearbox.
The advantage of a gearbox compared to direct drive is that a gearbox is more compact and
that less added material is required for the supporting structure when the nominal power is
scaled up. The generator is also much smaller than a direct drive generator and requires
much fewer active materials such as PM, copper and laminate.
The torque level to be converted to electricity by the generator and the rotational speed at
which the generator is run during operation are two important and determining factors for
generator design. In the case of a direct drive turbine of 12 MW, with a rotational speed of
about 8 rpm, the ring generator will have a large diameter because (simply) many poles are
needed to produce the electricity.
To compare the weight and costs of the generator for a direct drive turbine, or the gearboxgenerator combination for a gearbox turbine, VerVent estimated the material use. It
concerns the quantities of copper, neodymium, laminate and building materials.
The cost of the generator is affected by its efficiency. This efficiency also depends on the
attainable magnetic flux, which is determined. The strength of the magnet or magnetic field
depends on the geometry of the generator and the feasibility of minimizing the air gap
between the rotor and stator. This will be easier with a compact generator (smaller, less
material, less torsion, chance of deformation, etc.) than with a generator with a large
diameter, more materials and bigger chance of deformation.

21

All types of radial flux generators use coils (copper), iron cores, permanent magnets
(neodymium), bearings, housings, and construction materials. It is obvious that the ring
generator of the direct drive turbine will use much more of these materials than the gearbox
turbines.
Weight Comparison
For a direct drive wind turbine of 10 MW, the weight of the nacelle was estimated at 324
tons13. Other direct drive turbines can weigh up to 600 tons (12 MW, GE Haliade 14). Siemens
Gamesa installed a prototype of a 14 MW direct drive turbine with a nacelle weight of 500
tons 15. The average weight from these sources gives an average of 510 tons for the nacelle
of a 12 MW direct drive turbine.
The calculated weight of the MSPMSG generator of 10 MW turbine13 is only 20% of the
weight of the direct drive generator.
The tables below show the generator weight distribution over the types of material.

Based on the literature, the total weight of a direct drive turbine of 12 MW has been
calculated at 1,730 tons: of a gearbox turbine with the same power at 1,580 tons.
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Conclusion
The literature shows that the turbines are getting heavier and that the weight of the direct
drive turbine will increase faster than the gearbox turbine at the nominal power increases.
Efficiency Comparison
In the wind energy industry, it is common that the cumulative + electrical + hydraulic losses
(gearbox, generator, transformer, pitch and yaw system cabling, and other own energy use)
is calculated to be 14%.
Efficiency Gearbox
The efficiency of the gearbox is always a point of attention. The distribution of torque over
several steps leads to losses. In 13 an efficiency of about 97 – 99 % was calculated, a loss of
2,7%.
NREL 8 mentioned that “turbine efficiency was held constant at 93% for the direct drive
turbines. For the …… and DTU_PMSG_MS turbines, drive train mechanical losses were
assumed to be 3,5%. Wiley 13 keeps the efficiency of a 10 MW gearbox turbine at 1,1%
Efficiency Generator
Are losses of a direct drive generator and gearbox generator comparable and of the same
magnitude?

Losses in a rotating generator are: Copper losses (armature Cu, field Cu loss), Iron Losses
(hysteresis loss, eddy current loss), Mechanical losses (friction in bearings, commuter, air of
rotating anchor, apprx. 10 – 20 % of the full load losses), Stray Losses (usually assumed to be
approx. 1% of the full load.
In Polinder 16 the direct drive generator losses were calculated to be 5,9% (yield: 48,4 GWh,
generator losses: 2,87 GWh). Also, other studies mentioned this number of about 6%.
A preliminary conclusion is that it does not matter whether the permanent magnet radial
generator rotates slowly or quickly. The losses are about the same.
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If the experience figure of 14% of total losses is correct, based on statistics, and the losses of
the gearbox and generator (total approx. 9%) is correct, 5% loss can be allocated to the
other systems, transformer, pitch and yaw system cabling, and other own energy use.
The table below summarizes the data of system losses. These % are uses in the VerVent
Calculations and in the VerVent-Pathway calculations.

O&M Comparison
Wind speed can only be partially predicted. Gusts of wind can always occur. The variation
between the predicted speed and reality is usually not big, but gusts can always arise and
are difficult to estimate at the right force. The wind turbine must be able to manage this, so
must the drivetrain, geared or direct drive.
An investor will strongly consider this in his decision; a lifespan of a wind turbine is 20 to 25
years. Failure, unexpected repair, and replacement (the result is downtime) can seriously
disrupt the return on investment.
Gearbox versus direct drive 1 says:
Drive Repairs and unscheduled maintenance resulting from poor reliability can be
extremely costly and time-consuming. Technologies such as smart online monitoring
can increase overall reliability.
So, a wind turbine must be dependable, have limited maintenance costs and O&M cost
must also be predictable.
Generators can fail electrically or mechanically. Electrically due to, for example, winding
errors, short circuits and faults between windings. Mechanically, among other things, a
broken rotor rod, bearing failure, displacements, mass imbalance and vibrations.
The larger diameter of the direct drive generator requires a much sturdier construction to
withstand all the forces applied to it. This surface is many times larger than that exerted on
the gearbox. The torque is the same, but the distribution is significantly different.
A gearbox turbine requires more maintenance than a direct drive. However, it is not just
about the maintenance itself, but also its costs, the cost of replacement and the downtime
associated with the maintenance or replacement.
A gearbox can undergo many minor repairs during its operational period due to more
defective parts. Replacing a large ring generator or direct drive at sea has more impact than
replacing a small gearbox and generator. However, sailing to the offshore wind farm for
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small repairs or maintenance activities at location time is a costly affair. Minor repairs that
can occur on a gearbox should be avoided, because the transport costs weigh
disproportionately in the O&M costs of offshore wind farms.
And which costs are the highest? Not only the repair itself, the material costs, but also the
time spent on the repair, the downtime and transport costs must also be considered.
Another aspect that comes into play in an investment decision is where the costs of
unexpected maintenance and replacement end up. What are the warranties of the
manufacturer and/or the producer of the parts? And how long do those guarantees last?
The best thing would be that maintenance and replacement of parts can always take place
on a scheduled basis, that unexpected repairs never occur, and that there are no unexpected
malfunctions and breakdowns, which is expensive and not necessary. Condition based O&M,
is standard nowadays, possible because of the more than 2000 sensors, which are in the
turbines. In The development of maintenance strategies of offshore wind farm condition
monitoring does require a higher investment 17; the table below shows the pros and cons of
the several ways in which maintenance can be performed.
From 18: Table 7.1: Different maintenance strategies with their main advantages and disadvantages

Keeping spare parts in stock is expensive and differs between direct drive and gearbox
technology. To what extent are large parts such as a ring generator kept in stock? A trade-off
between the capital at rest with this ring generator, the (moment of) failure of the ring
generator and the downtime that results. This applies to all spare parts.
Direct drive has proven to be the most cost-effective to date, although the data on which
this conclusion is based is several years old. With increasing rated power, increasing ring
generator diameter and weight compared to the gearbox and (claimed) greater reliability,
this may change.
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Catapult BVA 18 has divided the O&M costs over the different topics: Operations: training,
on and offshore logistics, health & safety inspections and other (insurance etc.), Turbine
maintenance and services and balance of plant maintenance and services.
In practice, as the literature shows, gearbox turbines require more maintenance than direct
drive. In literature no figures are given about the height of these costs.
The following % are the result of rough calculations. VerVent uses this % in the VerVent
calculations. In these calculations only the turbine is calculated. The balance of plant
maintenance is not considered in the VerVent Calculations.
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LCOE Comparison Direct Drive and Gearbox turbines
Levelized Costs of Electricity
There are several subjects that will influence the choice of a type of wind turbine (from a
project owner’s perspective, e.g., utility):
• Levelized cost of energy, investment, costs, yield. (LCOE)
• Reputation and financial credibility of the manufacturer
• Robustness and reliability
• Materials used in manufacturing
• Manufacturer's warranty.
• The structure of the supply chain.
When selecting the wind turbines, cost and technology reliability are most important.
Unexpected repairs and / or maintenance, especially offshore, are too expensive and take
much time. Time in which no electricity is produced.
The capital needed for investing in a wind turbine (or wind farm) can be obtained in many
ways, equity (operating) capital, debt capital (bank) and stated on the balance sheet as part
of the equity capital (shift on the balance sheet). or as a loan.

The amount of capital needed depends on the total costs of the turbine, the wind farm,
foundation, installation, and grid connection. Differences are possible between the several
types of turbines, direct drive or gearbox technology.
In addition, it is important which components involve the largest investment and how
sensitive they are to price changes? Changes because of increasing demand for the type of
material used, but also geopolitical considerations can play a role in this.
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The duration of the investment and the level of the interest or the minimum return on the
invested capital are important in the calculation of the annual cost of capital. In addition, the
estimate of other annual costs, such as fees, grid costs and the expected O&M costs, is
needed to calculate the Levelized Costs of Electricity (LCOE). And as a last parameter, the
yield of the electricity production must be entered.
An LCOE comparison between direct drive and gearbox turbine is difficult. This is largely
because no comparable descriptions are known, but also because the public literature is
several years old and deals with lower power ratings.

The use of quantitative data from literature
Of course, suppliers and OEMs have undoubtedly recently conducted their own research,
which already supplies more clarity about the technical consequences of further scaling up,
but this has not (yet) been made public.
The unbearable incomparability of data.
The data found in the literature were ambiguous or gave different values for the same data,
sometimes so different that a comparison between these studies was not warranted. This is
not an opinion of these studies, as the research questions and hypotheses are or may be
different.
This all makes it difficult to make a financial comparison for MMW direct drive or gearbox
wind turbines. Also, the financial information needed for such a comparison is hardly
available on the internet and (other) public sources.
In the study “Direct-Drive Permanent Magnet Generators for High Power Wind Turbines –
Benefits and Limiting Factors,” 2012 19, calculations of a model comparison of a direct drive
and gearbox turbine of 6 MW the nacelle accounts for about 28-35% of the total wind
turbine cost. The gearbox-based wind turbine nacelle shows a slight cost advantage. at the
price levels used, a 6 MW direct-drive generator should cost about 750.000 euro. For the
same power rating, a generator plus gearbox would be about 700.000 euro.
In the study “Offshore wind turbine cost structure analysis,” 2020 20 , the hypotheses “Just a
few parts cause 80 percent of the overall CAPEX turbine cost.” and “These detected
components have not changed over the past development” are stated to be right. Excluding
the tower cost just fifteen component groups are approx. 80% of the overall turbine CAPEX
turbine cost (78 % ,6MW, 2016; 80 %,(7MW, 2016, and 83 %, 7MW, 2019).
Also, the study of NREL 4 concluded that the geared PMSG MS turbine had a slight
investment advantage relative to PMSG DD Turbine.
The input necessary to make such a comparison are not only financial data (these are hardly
available), but also how the turbine is structured.
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Turbine investment
The investment includes the wind turbine (nacelle, rotor (including blades), tower),
foundation, the connection costs to the grid, and other basic costs associated with the
investment. To differentiate between direct drive and gearbox technology, additional
information from various sources is used. Studies do not give a complete picture, but state
amounts for some parts, such as generator, gearbox, nacelle, powertrain, sometimes
supplemented with an item different for the nacelle/powertrain.
It is assumed that due to the different structures there will be a difference in weight of the
nacelle, tower and foundation and that differences will occur in use, the gearbox, system
losses, operations, and maintenance.
Several studies (13, 16, 20) gave (amongst others) more inside in the use of electro-magnetic
material such as rare earth materials, copper, and lamination. Intra and extrapolation of
those values shows that when used in direct drive turbines, the amount of these materials
becomes exceptionally large. Due to the share in the costs, the cost price of direct drive will
rise more than the cost price for a turbine with gearbox and (much smaller) generator.

The nominal power can be the same, but a direct drive turbine requires more material for a
support structure. 13 study gives a picture of the materials costs of the nacelle of a direct
drive and a gearbox turbine of 10 MW.
The costs of the nacelle of the direct drive and gearbox turbine differ. This is shown by
several studies. Although minor, the included gearbox and generator costs from the Catapult
BVA study 18 are not comparable to other sources. Especially the cost of generator and
gearbox differ from other sources, which are less complete. In the Pathway 21 report, the
tower is budgeted higher. In 18 there is “room” for other costs.
A rough estimate of the cost of the nacelle for the 10 MW PMDD Generator M€ € 6,7
(extrapolation based on 10 MW 13,18,21). The cost of the nacelle of the 10 MW gearbox
turbine estimated at M€ 4,7. A difference of 30%.
Both turbine types will become heavier, larger generator for direct drive and a larger and
heavier gearbox – generator combination. Both types will also need heavier (support)
constructions and tower. How this affects the weight and price per type is unknown.
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In 18,21 concrete amounts are mentioned for the investment in a wind turbine of 10 MW
(nacelle, rotor including blades, tower), not differentiated according to direct drive or
gearbox. 18 mentions an amount of M€ 11,7 and 21 € 9,1, a great difference between these
sources .
All costs (nacelle, rotor, tower and other turbine related materials) are an aggregation and
intra- and extrapolation of different sources. The total costs of a direct drive turbine of 12
MW are calculated at M€ 15.0: a gearbox turbine of the same capacity at M€ 12.6. The
breakdown as shown in the table can be seen as highly indicative.

The rotor cost (including blades) are for both types are kept the same.
The extent to which weight plays a role in the costs for the tower and foundation is difficult
to estimate; the weight of the tower of the gearbox turbine will be lower. An estimate has
also been made of the (additional) investment for the foundation and installation of direct
drive turbines. These are heavier than gearbox turbines, which must be passed into the
foundation (more material, etc.). The weight of direct drive is about 16% heavier than that of
gearbox turbines. The direct drive investment includes an additional cost of 12% (bit lower
than the difference in weight) for foundation and 2,5% for installation.
In addition, there is a large post other material. Of course, these will also be different, but it
is difficult to find out where the differences are. VerVent has kept this the same for both
turbine types.
In principle, it does not matter too much whether the calculated numbers come close to the
current reality of turbine investments with a nominal capacity of 12 MW or whether this
investment gap (in %) at 15 MW. It can be stated from the analysis based on the consulted
literature that the investment difference between direct drive and gearbox turbine will
diverge.
The conclusion seems justified that the investment in the drive train of a direct drive turbine
will be higher than has been the case until now, partly because the large ring generator will
need a "heavy" support structure, heavier than a gearbox.
If this picture is extended to 15 - 20 MW turbines, the investment gap between direct drive
and Gearbox turbines will become much larger.
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VerVent has made the best possible estimates to the best of its ability and expertise to make
a technical and financial comparison between the investments in direct drive and gearbox
wind turbines.
Grid Connection Costs
The connection costs offshore can vary dependent on distance to shore etc. It is important
to carefully research what it means to set up a wind farm at a specific place offshore.
Capacity Factor
The capacity factor of a wind turbine is its average power output divided by its maximum
power capability. In the case of a wind turbine, the maximum is the number of hours in a
year, 8760 hours. So, a capacity factor of 50% is 4.380 full load hours.
System losses
Obviously, the losses of a direct drive turbine will be less than those of a gearbox turbine. In
addition, it may also be the case that the increasing diameter of the direct drive will also
cause more losses. Partly mechanical, but also electromagnetic. The same will occur with
gearbox turbines: more mechanical losses. But it is difficult to say exactly how high the
difference is and how it affects the LCOE.
Operation and maintenance costs
One of the variables that determine the Levelized Costs of Electricity is O&M . These costs
differ for both turbine types. Gearbox turbines require more maintenance than direct drive
turbines. With the increasing knowledge in the field of gears, bearings and lubrication,
gearboxes cause probably fewer failures and less maintenance and repairs.
The question is how O&M will develop with the increasing nominal power for both direct
drive turbines and turbines with gearboxes.
O&M costs are related to the production hours that the turbine is running. The preferred
basis for O&M is condition-based monitoring. In addition, there are the costs for
(unexpected, not calculated) repairs. The condition depends on the (weather and wind)
conditions in which the turbine runs and the number of operating hours.
In the sensitivity analysis, the yield is used as a variable to calculate the O&M costs. The
annual percentage is determined based on the ratios calculated from the data from 18,21.
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Sensitivity Analysis
VerVent made two analyses.
• Based on the quantitative data from the studies used, which were matched as carefully
as possible: the Vervent Calculations. These calculations only consider the LCOE of the
turbine including rotor hub, blades and tower and is made to see what the effect is in
changes in system losses, O&M costs and investment.
• For the second the input of the study “Pathway to potential cost reductions for offshore
wind energy, (TNO, Blix Consultancy. January 2021) 21is used: the VerVent - Pathway
Calculations. In addition to the effects on the LCOE due to changes in the system, losses,
O&M costs and investment level, the effects on profitability have also been calculated. If,
for example, the system losses mutate, the result is not at once visible in the LCOE, but in
the return and yield.
With the conclusions drawn about the development of both technologies, direct drive and
gearbox, and the growth of the nominal power (>12 MW), five scenarios have been defined.
Default
The analysis starts with a Default calculation. Because most investment studies calculate
with a turbine that does not distinguish between gearbox and direct drive, VerVent uses the
same investment costs for both types as the Default for the sensitivity analysis. This makes
the results of the scenarios in which system losses and O&M costs vary transparent.
The scenarios
1. Reduction of system losses of gearbox turbines.
• It is difficult to make a good comparison of the system losses of the direct drive
and the gearbox turbine. Hence this scenario.
2. O&M costs for direct drive turbines have increased.
• Increasing of the O&M costs of a direct drive turbine compared to a gearbox
turbine. This is because there is uncertainty about the development of the O&M
costs of direct drive with a growing nominal capacity.
3. As mentioned, calculations based on literature show that the investment in the gearbox
turbine is already lower than in a direct drive turbine.
• Conclusions from the literature are that the investment costs of a gearbox wind
turbine grow less rapidly with increasing nominal power than with a direct drive.
• So, reduction of the gearbox turbine investment (according to various sources,
13,18,21) and optimized to a level that results in the same LCOE as direct drive.
4. Combination of scenario 1, 2, 3.
5. Investment according to VerVent equation (only for the VerVent Calculations).
For analysis counts an electricity price per kWh of € 0,065.
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The VerVent Calculations
To make a comparison between the two types of turbines, direct drive and gearbox turbines,
the basic principles must be the same. VerVent has defined Reference Wind Turbines. The
starting points and input values for these turbines are the same. The following table gives an
overview.

In the VerVent Calculations only the turbine, so blades, hub, drivetrain, and tower were
calculated as describes in this study.
Default

Results and conclusions
Obviously, in the Default situation where only the system losses and O&M differ, direct drive
has the lowest LCOE. Direct drive has fewer system losses and lower O&M.
Scenarios 1 and 2 (based on Default, equal level of investments): Lower system losses do
not change the LCOE picture much, but the yield of the gearbox turbine will become higher.
The extra turnover and profit is not considered. A higher O&M percentage for direct drive
brings both LCOEs closer, although direct drive still scores better.
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Scenario 3 (based on Default, equal level of investments): With a 7% lower investment in
gearbox turbines, the LCOE of direct drive and gearbox turbine are the same.

Scenario 4 (based on Default, equal level of investments): If the investment of the gearbox
turbine is about 7% lower according to scenario 3, the system losses according to scenario 2,
the O&M costs according to scenario 3, the LCOE for turbine with gearboxes is about € 1,75
lower than that of direct drive.
In scenario 5 the results of the literature search are used for the size of the investment in a
direct drive and gearbox turbine of 12 MW, a CAPEX difference of 16%. System losses and
O&M costs are the same as in Standard. The gearbox turbine scores better than the direct
drive.

Results of the VerVent Calculations
€32,00
€31,00
€30,00
€29,00
€28,00
€27,00
€26,00
€25,00
Default

Scenario 1:
Scenario 2: O&M
Scenario 3:
Losses gearbox costs Direct Drive
Optimized
lower
same as Gearbox Investment to
same LCOE
PM DD Turbine

12 MW

MSPM Turbine

Scenario 4
Combined
Scenario's 1, 2, 3

Scenario 5:
Investment
according to
VerVent
Comparison

12 MW

But that says nothing about the investment choice. As research shows, reliability and
guarantees also play a significant role in this. And the question is whether the investment in
gearbox turbines is not already lower (or not yet so low) than the price of direct drive.
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The VerVent - Pathway Calculations
TNO and Blix have conducted research into cost-saving opportunities for offshore wind
energy. The client for this was RVO1 and TKI Wind op Zee. Phase I from this research is used
for the VerVent - Pathway calculations. This phase focused on cost reduction by scaling up
the current technology, with 10 – 12 MW wind turbines, to 15 MW (2025) and 20 MW
(2030) wind turbines.

Summary Investment
Turbine
Tower and Support Structure
Electricity Connections
Fixed Costs
Installation Cost
Sum

Pathway 10 MW
Windfarm
€
555.750.000
€
372.750.000
€
735.970.000
€
45.000.000
€
110.300.000
€ 1.819.770.000

O&M

€

Pathway 15 MW
Wind Farm
€
875.020.000
€
570.170.000
€
926.830.000
€
60.300.000
€
131.390.000
€
2.563.710.000

63.900.000 €

70.590.000

The study by TNO/BLIX provides a good picture of investing in and maintaining a wind farm
at sea. The calculations are based on a farm size of 75 turbines of 10 MW each, located 38
nautical miles from the coast. The construction of the electricity infrastructure and the
entire maintenance during its lifespan have also been calculated and included in the LCOE
costs. A distinction is made between the contribution of equity and loan capital and the
return requirements and interest charges.
A good basis for making a comparison between direct drive and geared technology. The
following table is compiled from 21.

Comparison preparations
The basis is formed by the output of the Pathway 10 MW investments, costs and yield. The
calculation model used, including assumptions for system losses and O&M costs, has been
calibrated so that the result of the calibration corresponds to that of the Pathway study.
This sensitivity analysis concerns an offshore wind farm of 75 for the 10 MW turbines, and
67 turbines for the 15 Mw turbines, both situated 38 NM from the coast. The investment
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concerns all hardware needed to get the wind farm operational and feed the electricity
produced into the onshore grid, as in the Pathway study.
In preparation, the data and results of 21 were used to calibrate the calculation model. The
10 MW and 15 MW gearbox turbines were adopted in the VerVent model after the results of
the model and those of the study were aligned (~~).
The investments from the Pathway study are used for the gearbox turbines.
Investments in direct drive turbines
For the investments in the direct drive turbines, the calculations made by VerVent based on
the consulted studies are used. The calculated costs for the direct drive nacelle have been
taken as the starting point. For the direct drive turbine, the investment in the tower and
foundation (taken form the Pathway study has been increased by the same percentages as
in the VerVent Calculations. Because no data are available on the weight effect of a heavier
nacelle on tower and foundation weight, VerVent used the percentage calculated as the
difference between the weight of the gearbox and the direct drive nacelle, 10%. In addition,
the direct drive installation costs have increased by 2,5% because a heavier and more
complicated part must be lifted.

Other variables for both types
The percentage from the VerVent Calculations is used for the system losses.
The O&M costs are based the Pathway 10 MW study, about 18,05% of the yield of a 10 MW
gearbox turbines and 15% for the 15 MW gearbox turbine. From the literature consulted and
in terms of logic, O&M costs for direct drive are lower. How much is difficult to estimate.
VerVent has set the O&M direct drive costs for the 10 MW at 16,5% and at 13,5% for the 15
MW turbine.
The whole investment including the figures for system losses and O&M costs in the offshore
windfarm concerns the Default situation. The scenario’s 1 to 4 are derived from this Default.
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Results and Conclusions VerVent Pathway Calculations
As In the VerVent Calculations, in the Default situation where only the system losses and
O&M differ, direct drive has the lowest LCOE.
Scenarios 1 and 2 (based on Default, equal level of investments): for system losses the
picture is the same as in the VerVent Calculations: lower system losses do not change the
picture much. A higher O&M percentage for direct drive increases the LCOE for direct drive,
but the gap with gearbox turbine remains.
Scenario 3 (based on Default, equal level of investments): With 7,2% – 7,9% lower
investment in gearbox turbines, the LCOE of direct drive and gearbox turbine are the same.
Following the investment costs of Pathway this is a difference in the investment of approx.
M€ 150 (10 MW turbine) and M€ 203 (15 MW turbine), both gearbox investment lower.

Scenario 4 (based on Default, equal level of investments): It is obvious that if the investment
of the gearbox turbine is lower, the system losses according to scenario 2, the O&M costs
according to scenario 3, the LCOE for turbine with gearboxes is much lower than that of
direct drive.
Scenario 5 uses the Pathway study investments for the 10 and 15 MW gearbox turbine: the
investments in the 10 and 15 MW direct drive turbine using data from literature. The
difference between direct drive and gearbox turbines is 12% (10 MW) and 9% (15 MW)
respectively.

37

Gearbox same or lower LCOE, more profitable than direct drive?
In scenario 3, the LCOEs are the same. The investment costs in the gearbox turbine are
lower. But with this, the gearbox turbine is not more profitable. The direct drive turbine has
fewer system losses, so more yield, higher turnover.
In scenarios 4 and 5 the LCOEs of the gearbox turbine are lower than those of direct drive.
But that does not necessarily mean that the gearbox also makes more profit. Because the
system losses of the direct drive turbine are lower than those of the gearbox turbine, the
efficiency is higher and thus the turnover. The difference in LCOE between the two must be
big enough in favour of the gearbox turbine to make up for this increased output/profit.

The conclusion is that, depending on the reality level of system losses and O&M costs, the
tipping point at which gearbox turbines can become more cost-effective and profitable is
that direct drive is between 12 and 15 MW of nominal power. Annex III shows the results.

Overall Conclusion
The investment costs of a gearbox turbine are lower than those of a direct drive turbine. It is
not clear at what nominal power the difference is large enough to achieve a significantly
lower LCOE.
The increase in investment costs at higher power levels for direct drive is faster than for
gearbox turbines. As a result, the LCOE for gearbox turbines will be lower than that of direct
drive, if the system losses and O&M remain at the same level as assumed.
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These two factors are uncertain for both direct drive turbines and gearboxes. Direct drive
because the increasingly larger ring generator must be able to manage an unequal wind
load. This demands a lot from the generator, MBU and supporting structure.
Many gearbox improvements have been made and there is a growing confidence in gearbox
turbines. The question is whether the increasing torque can be processed by the gearbox or
whether another innovative concept is desired. What will the weight and cost be?
The two types of turbines, direct drive and gearbox, have had their place on the market for
years. From the analyses of developments in investment, turbine weight, system losses,
maintenance and repairs that may change with increasing rated power, it can be concluded
that the balance in LCOE and profitability may be in favour of the gearbox .
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What does the increasing power mean for wind turbines?
The nominal power of wind turbines is constantly increasing. The standard for the coming
years will be 12 MW and will grow to 15 MW and further to > 20 MW.
For gearbox turbines, you want the ratio to be as optimal as possible. So far, a gear ratio of
1:50 or 1:160 is used. Will this be the case when the nominal power grows to 20 MW or will
another ratio be more efficient, less or more vulnerable, needing maintenance? This all
depends on the distribution of the ratios in the gearbox, the number of steps, the (number
of) bearings, etc.
For direct drive turbines, this development means that the ring generator will be heavier and
has a larger diameter. It is likely that the overall construction will also become heavier.
Questions from recent reports are whether direct drive is the right technology for further
growth. The current GE Haliade turbine of 12 MW is already very heavy, and with the growth
of the capacity, the weight will increase considerably. In 2021 Siemens Gamesa introduced
the prototype GS 14-222 with a nacelle weight of 500 ton, a stark difference with the
Haliade. So, there are still many developments possible.
Questions regarding the mechanical properties
The MBU must manage the full torque. In the future, for a wind turbine with a nominal
capacity of 20 MW in operation, this could be 34 MNm; but account must be taken of
sudden gusts of wind that will exceed this torque many times over.
In a direct drive wind turbine, the MBU carries the entire weight of the ring generator; with a
gearbox this weight is many times lower. Although linked to the MBU, the MBU does not
have to carry the gearbox.
The extent to which excessive wear and load occurs in the gearbox depends on the design,
the choice of the right bearings, gears, and lubricants. Is it fair to say that the designers and
manufacturers of gearboxes have learned enough from the experiences of the past?
And have the owners of the wind turbines taken condition based / predictive maintenance
(optimization of the cost calculations over the entire lifespan) as a starting point or are they
of the risk avoiding kind and choosing the shortest payback period?
There will certainly be differences in the operational behaviour of the ring generator and the
gearbox MBU. It is important to determine what these differences are, to what extent a
design provides an answer to the prevention of undesirable behaviour of the MBU, or to the
entire structure that is influenced by the MBU.
Direct drive
• Will a larger ring generator be stable enough and will the main bearing unit be able to
manage the heavier generator and construction weight?
• To what extent can an unequal wind load lead to torque and bending moments at the
MBU, resulting in faster fatigue, aging and more maintenance,
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•

•
•
•
•
•

What are the (change in) non-torque loads caused by the larger diameter of the
generator, and to what extent is the ring generator influenced by the behaviour of the
MBU about (less) efficiency and short circuit (too small air gap)?
Will the loads on the shafts and bearings change in magnitude both axially and radially?
Will this weight be a linear change, or will the weight gain be exponential?
Does more construction material, necessary to ensure stability and limit deformations
during use (magnetic flux, etc.) make the ring generator too heavy?
Does the growing use of many rare earth materials make the turbine too expensive?
To what extent is the geopolitical playing field too great a risk to use rare earth metals
(import China)?

Gearbox
• Will the weight of the gearbox technology grow fast, more than linearly?
• Will the ratio of 1:50 or 1:160 be sufficient to remain technically attractive for gearbox
technology compared to direct drive or will the ratio have to be increased to create a
competitive small generator
• Will, due to the multiple steps to get a favorable ratio, the gearbox become very
sensitive to non-torque loads and very maintenance-sensitive
• Are the producers of the gearox able to produce a gearbox for MMW turbines (>15MW)
that can operate the whole lifespan of about 20 or 25 years?
• Will the parts of the gearbox be strong enough to handle the torque and sudden
changes in torque and the non torque loads (bearings, gears)?
Maintenance
If a direct drive turbine ring generator needs major repair, it will likely need to be brought
ashore. This means expensive disassembly and transport, expensive reconstruction,
transport time from the construction site and back and a lot of time to repair. And there is a
chance that this will take even longer due to the weather conditions.
It is possible to have a spare ring generator in stock, but this is a lot of capital that is not
profitable.
The larger the ring generator, the bigger the repair challenge.
In case of a gearbox repair this can often be done on the site. And is it has to be done
onshore the work to disassemble and assemble again is much easier. And a spare gearbox is
much cheaper than a ring generator.
Safety issues
During the production and assembly process of turbines the health and safety of employees
must be secured. This means that working with heavy constructions, on height, but
especially with magnetic (rare earth) materials will be a constant source of attention of
management.
The attraction of neodymium, used in generators is so big that loose metal parts can be
attracted over a distance. In addition, personnel must be aware that they do not carry any
metal objects. Personnel with metal prostheses or a pacemaker are also not allowed to work
on structures in which neodymium is processed.
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Investments and costs
It turns out to be difficult to create a consistent, and reliable picture of the level of
investments in a direct drive and a geared wind turbine, as well as of the maintenance costs
during the service life.
In practice there is some agreement about the level of the system losses, but these are not
easy to classify as mechanical losses in the gearbox, electro (magnetic) losses in the
generator and other rotational losses in the nacelle. For the sensitivity analyses, assumptions
have been made for the three variables mentioned based on the literature.
O&M and service charges play an important role in the LCEO. It is precisely on this point that
a good comparative study could bring more clarity and distinction. Especially since these
costs can play a determining role in the increase in nominal power and with it the choice
between direct drive and gearbox turbines.
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Annex I: Outcomes VerVent – Calculations
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Annex II: Outcomes VerVent – Pathway Calculations 1
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Annex III: Outcomes VerVent – Pathway Calculations 2
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