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Figure 2. Overview of the structural mass trends. The turbine rating is indicated by the different size of the symbols (which in some
cases overlap). The RNA mass is shown by the color map. The surfaces are bilinear interpolations of the data grouped by turbine
ratings.

are also shown in the figures; in case of overlapping x or y coordinates of the data points, these are averaged before the
interpolation.

The trends shown in Figs. 2a and 2b are similar, and one may observe that the hub height is more influential for the
larger turbine sizes and for water depths greater than 40 m. The RNA mass is less influential at the smaller sizes (as
also shown by [53]), but it becomes progressively more important at higher hub heights and with larger turbine ratings.
This can be justified by considering the requested modal performance, which is directly affected by both the tower length
(hence hub height) and tower-top mass. In Fig. 3, the jacket-mass-vs.-hub-height trend is shown for different water depths,
together with best-fit polynomial curves. At a water depth of 60 m, hub-height effects are secondary except for the 10-MW
turbines. In shallower water sites, the variation of mass with hub height is more significant above heights of 100 m, which
also suggests that the current installations (mostly hub heights below 100 m) are largely driven by hydrodynamic loads.

A close examination of Fig. 3 shows how, for the 3-MW ratings, the gradient of the jacket mass with respect to the
water depth and hub height is dominated by the water depth component. The gradient magnitude, not shown here for the
sake of brevity, increases from 0.10t m ™" at a depth of 20m to 0.19t m™* at a depth of 60 m. For the bottom two water

depths, a slight increase in mass can be observed between hub heights from 92-104 m, at a water depth of 60 m, the jacket
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Figure 3. Jacket mass as a function of hub height for different water depths (different symbol colors) and best-fit polynomial curves.
More details on the symbols used are given in the legend.

mass is virtually unchanged, and the code returned slightly lighter jackets for the heavier RNAs. This information is more
clearly depicted in Fig. 4a, wherein the jacket mass, made dimensionless with the average value among all of the 3-MW
cases, is plotted as a function of hub height for the subset with a water depth of 60 m. This apparent contradiction is due
to the assumed eigenfrequency constraint. Although the code tries to satisfy strength criteria, it also attempts to increase
the jacket footprint. A wider footprint, in a battered configuration, transforms some of the shear load into axial load at the
main legs, thus reducing the bending stresses and more efficiently utilizing the material. However, the wider footprint also
raises the first natural frequency of the system. As shown in Fig. 4b, the lightest RNAs at the deepest water level produced
eigenfrequencies in excess of 0.3 Hz, well beyond the allotted 5% band above the target frequency. In fact, except for
the heaviest RNAs at the highest hub heights, the code did not find a feasible solution for the 3-MW cases at a depth of
60 m and at the set target eigenfrequency. Relaxing the frequency upper bound led the code to finding feasible but heavier
solutions. In other words, in an attempt to reduce the configuration’s natural frequency, the code could not help but find
solutions that featured heavier jackets than those associated with heavier RNAs. In this case, in fact, a larger RNA mass
is beneficial because it helps reduce the system eigenfrequency toward the requested target. A similar effect is associated
with higher hub heights, although it is mitigated by the increased overturning moment: for this reason, the order of the
data points in Fig. 4a changes for the largest hub height, but it does not completely reverse. This aspect can be important
in cases with very light RNAs and should be revisited, although it is not expected to be an issue with larger machines
envisioned in future offshore wind power plants.

Turning now to the mass gradient associated with the 10-MW rating cases, Fig. 3 shows how the hub height is as
influential as the water depth at shallow depths but slightly less important for the deepest sites and for lower hub heights.
Overall, the magnitude of the gradient (not shown) is lower than that for the 3-MW cases, and it ranges from 0.06 t m ™" at
a depth of 20 m to 0.09t m ™" at a depth of 60 m and for the greatest hub heights. The decreasing gradient magnitude with
ratings increasing from 3 MW to 10 MW signifies that the environmental parameters become less influential for larger
turbine sizes, for which the RNA loads are the key support-structure drivers. This is also shown in Fig. 3; note how the
points get closer together between the middle and deepest water levels around hub heights of 140 m, but farther apart for
higher hub heights.

Data from actual installations and other consultancy studies [10,54] that have publicly available predictions on structural

steel quantities were used for comparison and validation of our results. These data points are plotted in the graphs of Fig. 5.
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Figure 4. 3-MW turbines: (a) jacket mass as a function of hub height at water depth of 60 m made nondimensional with the average
mass among all the 3-MW cases (note that the spread is exaggerated by the y-axis scale); (b) system’s first natural frequency as a
function of water depth and hub height. The colors denote RNA mass as indicated by the legend in (b).

In that figure, the surface that interpolates our calculated data was extrapolated toward lower hub heights and water depths
to compare to the available industry data. As shown, the model agrees relatively well (errors below 12%) with the industry
data for water depths between 20-40 m, but it underestimates (35% error) the installation data points for shallower sites.
The model also returned a large gradient of the jacket mass with respect to water depth above 40 m and below 10 m, which
is partially caused by the lack of resolution around 45-50 m and below 20 m. A larger scatter is shown, however, when

model data points are compared to other consultancy predictions. This is further discussed in Section 5.

4.2. Pile Mass and Embedment Length

In Fig. 6, we show the obtained trends in piles’ mass and embedment length. Because of the assumed, nonuniform soil
conditions, the diameter and the length of the pile do not have the same exact weight on the pile axial capacity, though both
contribute to the friction-generating surface area. An upper bound to the embedment length was set proportional to water
depth as explained in Section 3, and Fig. 6a shows that most solutions bumped against this constraint. When compared to
the industry data, the calculated piles’ mass was underestimated by up to 50%. Part of this discrepancy can be ascribed to
an optimistic choice of soil conditions and PSFs. As mentioned in Section 3, a safety factor of 1.25 on soil conditions was
used based on [38,39,51]. The new American Petroleum Institute [23] and American Bureau of Shipping [55] standards
recommend higher safety factors (1.5-2) for pile design. Another factor that may affect these results is linked to having the
pile diameter as a continuous variable in the optimization runs, whereas, in practice, standard stepwise sizes should also
be considered.

Note also how the pile mass is affected by the modal constraints and the maximum-footprint constraint imposed on
the various configurations (see also Section 4.3). The wider the jacket base, with everything else being equal, the lesser
the axial load on the pile. Additionally, as already mentioned, a wider footprint tends to increase stiffness and natural
frequencies. With shorter and shorter hub heights (shorter and stiffer towers), a narrower base must be devised to match
the target first system eigenfrequency (e.g., 0.26 Hz for the 3-MW turbines), but at the cost of heavier piles. The trend in
the pile mass for the smallest turbine sizes (see Fig. 6b) is affected by this behavior, and it becomes more significant as the

RNA mass gets lighter.
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Figure 5. Jacket steel mass trend for the 6-MW turbine cases. The study data points are denoted by filled circles, with colors indicating

RNA mass as denoted by the legend in (b). The surface (bilinear interpolation of the 81 data points) is color coded by jacket mass

tonnage, and the legend is given in (a). In all the plots, the z-axis shows jacket mass made nondimensional with its average across

all the 6-MW cases. Other symbols indicate: existing installations of 6-MW offshore turbines (triangles), predictions from the Crown
Estate study [10] (diamonds), and predictions from [54] (squares).

4.3. Jacket Footprint

The footprint calculated for the various configurations is shown in Fig. 7. The general trend shows a strong dependency
on water depth and hub height; however, the prescribed footprint constraints, which were based on assumed transportation
requirements to make the installations economically viable, prevent us from further conclusions. For the deepest sites,
the optimization pushes the footprint to the maximum allowed values except for the lowest hub height cases. Generally
speaking, a wider base makes the structure stiffer and more efficient, and, for the lightest turbines, a narrow base is
necessary to avoid overshooting the target eigenfrequency. If the modal performance constraint were to be relaxed, results

would obviously change with consequences on overall structural mass, and this should be the object of future investigations.
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Figure 6. Piles’ embedment length (a) and mass (b) as a function of hub height for various water depths, and best-fit polynomial
curves. More details on the symbols used are given in the legends.

4.4. Tower Mass
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Figure 7. Footprint at mud line as a function of hub height for various water depths, and best-fit polynomial curves. More details on
the symbols used are given in the legend.

The tower mass (see Fig. 8) is obviously mostly dependent on hub height and turbine rating, which drive modal

characteristics and loads. The RNA mass has a secondary effect, but it becomes more important at larger turbine ratings,

again driving the modal properties of the system. The water depth has an indirect impact on tower mass, which seems

lower at larger water depths than at shallower depths. This is because deck heights were selected to clear the 50-yr wave

crest elevations, which are proportional to water depth for the sites analyzed in this study, and therefore deeper water sites

required shorter towers. Additionally for the largest turbine ratings, tower base diameters were allowed to grow to 9 m,

which allowed for more efficient designs with smaller wall thicknesses.
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Figure 8. Tower mass as a function of hub height for various water depths (color coded), and best-fit polynomial curves. More details
on the symbols used are given in the legend.

5. A SNAPSHOT INVESTIGATION OF THE SENSITIVITY OF THE MODEL TO THE
INPUTS

As noted in Section 4.1, some scatter still exists among industry data and model-derived data. Differences exist both among
the installation data themselves and among those and the predictions from various consultancies’ models. For instance, for
the jacket mass, at a water depth of 45 m, our prediction is only 5% greater than the actual installation data, but it is some
35% larger than the data calculated by [54]; at a water depth of 30 m, our prediction differs by 12% from the installation
data; whereas [54]’s prediction differs by 20%. Overall, there is more concern for sites in the deepest waters, where the
relative errors are larger.

As already mentioned, part of the discrepancy is attributable to the lack of resolution in the model and in the cases
analyzed. Another possible explanation lies with the choices of input parameters to the various models (JacketSE and
other industry predictive models). To further evaluate the sensitivity of the chosen site and turbine parameters and modal
constraints, we ran additional optimizations with new parameters. This time, the data were taken from actual project
studies: the metocean data were derived from the National Oceanic and Atmospheric Administration’s (NOAA’s) buoy
database, and the turbine data were derived by design calculations for a 6-MW machine directly performed by its original
equipment manufacturer (OEM). The relevant parameters are shown in Table I'V. The inputs between these and the original
dataset cases differed in the values of hub height, peak thrust, maximum wave height, lumped mass at the TP, and target
modal performance.

Figure 9 displays the results of these simulations (denoted by hollow triangles) in terms of substructure mass and in
the same space as the previous data. It can be observed that the first two data points, at water depths below 40 m are well
aligned with the predicted trend of our study. This lends confidence in the obtained results and the approach taken for that
region, even though only approximations of the various metocean and turbine parameters were used.

However, the last two data points (at water depths of 50 m and 65.8 m) are largely overestimated (by 25% and 100%,
respectively) by the previously assumed interpolating surface. This difference indicates that the model is highly sensitive
to the input parameters for water depths larger than 40 m, and care must be exercised when techno-economic analyses are

to be performed in that domain.
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Table IV. Metocean parameters for actual buoy sites(®) and OEM-provided 6-MW turbine data.

Site/Buoy No.
Metocean Units Frying Pan Shoals Long Island WIS Cape Cod SE Nantucket
Parameter (NC)/41013 (NY)/44025 (MA)/W63067 (MA)/44008
Water depth m 235 40.8 50 65.8
50-yr wave height m 18.33 17.6 17 23.3
50-yr wave period S 13.3 12.5 13.6 11.2
Deck height m 132 16 15.4 16.9
Turbine Parameter Units Values
Hub height m 97
RNA mass t 365
TP lumped-mass t 75
Unfactored peak thrust kN 1937
Unfa;tl(;;e?h:’cl)]rs(tlue at KN m 5350
Gust wind speed at m/s 20
max thrust
Tar.get system first Hy 028
eigenfrequency

* Metocean data were from: National Oceanic and Atmospheric Administration (NOAA), National Data Buoy Center, ht tp: //www.ndbc.
noaa.gov; U.S. Army Corps of Engineers, Wave Information Studies, http://wis.usace.army.mil
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Figure 9. As in Fig. 5d, but with additional data points (hollow triangles), associated with the conditions shown in Table V. The arrows
point to the new data for clarity.

6. DISCUSSION OF THE RESULTS AND FUTURE WORK

The primary motivation of this research lay in determining key relationships between environmental design drivers and
costs associated with wind power plant BOS, of which the support structure is the primary driver. We wanted to test the
capability of a bottom-up approach toward techno-economic analyses. The alternative top-down approach is challenging
given the fledgling status of the offshore wind industry, especially in the United States, which hampers the extraction of
reliable regression curves from the limited project data.

The study examined the effect of varying turbine ratings, hub heights, water depths, wave heights, and tower-top

masses on the overall support-structure mass. Because of the emphasis toward U.S. installations, lattice substructures,
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or jackets, which are expected to be preferable to monopiles in U.S. waters, were the focus of this research. The
analyzed turbine ratings ranged from 3-10 MW; the hub heights ranged from 80-165 m; and the water depths for three
idealized sites ranged from 20-60 m. Turbine parameters (weights, inertial properties, and loads) were derived from scaling
approximations of existing offshore turbine models. As a result, 81 configurations were selected within the space of
environmental variables that current and future offshore projects may envision for fixed-bottom installations.

We used JacketSE, a computer-aided engineering tool within NREL’s systems engineering WISDEM toolbox, to
determine preliminary mass-optimized configurations for each case. Despite JacketSE being based on a simplified
treatment of the physics, it delivered results in reasonable agreement with the data available from the industry and current
installations, especially at water depths less than 45 m.

The output data included geometric parameters for main lattice, TP, tower, and piles, as well as their respective
mass schedules. Although we offered a snapshot of the calculated tower mass, footprint, and pile property trends, we
concentrated our analysis on the mass trends of the jacket and piles because these are deemed the best proxy for the costs
of support-structure installations at sea.

A number of complex relationships emerged from the data, emphasizing how the interdependencies among
environmental parameters, assumed target performance, and structural constraints have important consequences on the

derived trends. General conclusions drawn from these studies include:

* Water depth was the main driver for the jacket and support structure mass. As turbine ratings increase, however,
hub height and tower-top (RNA) mass were more important factors on the overall support mass. The higher the hub
height, the more influential the change in RNA mass becomes.

* At the lowest turbine ratings, the lattice mass can decrease with increasing hub height and tower-top mass. In these
instances, the design included stiffer and heavier towers, leading to the combined tower/substructure mass increase,
as expected. If the tower and substructure were designed independently rather than in an integrated manner, as done
in this study, it is likely that the increase in mass would be more substantial and that no substructure-related savings
would be attained.

* A change in support-structure mass gradient is expected around water depths of 45-50 m, under the assumed
geometry, parameters, and general layouts.

» The tower mass trends were as expected, with hub height and turbine rating as the main drivers and the RNA mass
playing a lesser role.

* Piles’ mass and footprint were constrained by modal performance. The lighter turbine masses and shorter hub
heights required narrow jacket bases to achieve the target eigenfrequencies but at the cost of heavier piles. A large
difference was noted between the calculated and the actual installation piles’ mass. Although this could be partially
attributable to the choice of soil conditions and safety factors, it is an aspect that needs further investigation.

Some of these conclusions are highly dependent on the combination of environmental factors and design constraints. If
the modal performance (e.g., resonance avoidance) could be guaranteed via a dedicated control system design, the trend
of structural mass for the lattice and foundations would change because one could take advantage of further mass savings.
Additionally, if some of the manufacturing constraints or transportation constraints (namely tower diameters, diameter-
to-thickness ratios, and substructure footprints) could be relaxed by incorporating new technological advancements and
installation strategies, new mass and LCOE trends could be identified.

For validation purposes, we compared results in terms of substructure mass to the limited data points from the industry
for existing 6-MW installations. The primary substructure mass was well captured by the model (maximum error ~ 12%)
within the water depth range from 20-40 m. Although our dataset did not include points below that range, a bilinear
extrapolation toward depths of 10 m and hub heights of 90 m produced a 35% underestimation of the existing jacket
installations’ mass. For depths greater than 40 m, our simulations lacked resolution around 45 m, which is where the
currently deepest installations seem to cluster. Nonetheless, the extrapolated jacket mass was within 5% of the installation
data.
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When compared to data predicted by other consultancies in the industry, a larger scatter was observed. For instance, at
water depth of 45 m, our prediction is 35% off that from [54]. One reason for the observed discrepancies is attributed to
the optimization strategy employed. Here we simultaneously optimized both tower and substructure; in current industry
practice, the substructure is designed independently of the tower.

Another reason for this scatter is attributable to the choices of parameters and design-variable acceptance ranges. In this
study, only approximations of turbine parameters (inertial properties, modal acceptance bands, and loads) were available
due to the lack of open-source, reference-turbine models.

To verify the effects of site and turbine parameters, we conducted additional optimizations using data from actual turbine
projects and specific site metocean records. The loads and geometric properties of a 6-MW turbine were provided by the
turbine OEM, whereas the sites were actual NOAA buoy locations. The inputs between these and the original cases mainly
differed in system target eigenfrequency, hub height, RNA mass and loads, and, for the deepest site, wave height. The
calculated jacket mass agreed well with predicted trends for water depths below 40 m, but in deeper waters the differences
in mass predictions were large.

Therefore, one can conclude that when using an engineering approach to cost assessment, technology and metocean
data as close as possible to the projects’ effective ones are critical to attain reliable techno-economic functions and to
build LCOE trends, especially for deep-water sites. In those cases, the inputs to the model should be validated against the
expected industry practice and possibly by the turbine OEMs. For more moderate water depths, the bottom-up approach
can be assumed as less sensitive to these factors, and the derived functions can be used with greater confidence even with

coarser approximations of the input parameters.

6.1. Future Work

LCOE trends will help stakeholders plan appropriately for upcoming U.S. offshore wind developments. As such, the
results of this analysis will be further incorporated into lower fidelity models to assess CapEx and LCOE sensitivities
to project characteristics (size and turbine spacing), technology (turbine size, substructure and foundation type, electrical
infrastructure), and geospatial properties (water depth and distance to shore). The lower fidelity models will demonstrate
these trends, allowing for quick, back-of-the-envelope-type analyses that help decision makers target areas for cost and
performance improvements [7]. These models, however, will need to account for trade-offs associated with logistics and
installation aspects. For instance, having lighter mass piles does not necessarily translate into lower BOS costs because
longer but thinner piles may require a longer installation time and therefore higher costs.

It is recommended that future research gather more accurate site and turbine parameters and expand the fidelity of the
model. In particular, future work shall address fatigue analysis either through incorporating such capabilities within the
tool itself or, more likely, by interfacing the tool more closely with a full aero-elastic module that is also integrated in the
systems engineering model set. In parallel, a thorough uncertainty quantification should be performed both on the data
inputs and model characteristics.

As we have shown, the model results are highly sensitive to the choices of the input parameters in deep waters (> 40 m).
It is therefore crucial to incorporate reliable metocean conditions for deeper sites, and hurricane data for regions such as
the South Atlantic and Gulf of Mexico. For these regions, robustness checks against a 500-yr storm must also be added to
the analysis [23, 56]. Additionally, other parked and fault conditions that might be important for the substructure design
should be assessed.

Future studies should make use of more complete datasets, wherein turbine parameters and loads are derived from
complete aeroelastic analyses. The involvement of the turbine OEMs is necessary to have an accurate portrayal of the
turbine-loading scenarios, but this has been historically difficult to achieve because of intellectual property protection
concerns. For instance, the effect of changes in the modal constraint on the overall structural mass should be assessed based
on what OEMs deem feasible for the near-future controller technology. This aspect should be studied within the context
of codesign, where one could leverage control design strategies to reduce mass even further, for example, by permitting

resonance frequencies to be within the operational rotor range. Toward this end, we intend to work on the development of
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new, thorough, reference wind turbine models that can be readily scaled for sensitivity analyses and technology assessment
studies.

Future research can enhance the model capabilities by including revised hydrodynamics, fatigue, and pile verification.
The dataset will then be augmented with refined cost curves for select sites, for which metocean conditions are known
with accuracy, and for newly installed projects, as they come online and available, to further tune and validate the model.

Finally, innovative designs (such as three-legged jackets) should also be explored in detail.
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