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Abstract

Leading edge erosion of wind turbine blades increases Annual Energy Production (AEP) losses and maintenance.
Precipitation-Reactive Control (PRC) curtails rotor speed during erosive precipitation events, alleviating erosion but
incurring curtailment-induced AEP losses. Using novel methods combining accurate wind and rain measurements and
computationally efficient algorithms to select optimal precipitation metrics to steer PRC, the trade-offs of AEP losses
for curtailment and erosion at an onshore site in England (Lancaster-Hazelrigg), and a Mediterranean and North Sea
offshore site are evaluated. All analyses use time-series of wind speed from cup, sonic or lidar anemometers, and
droplet size distributions from laser beam disdrometers. Varying levels of AEP losses for erosion are considered. The
assessment at the Mediterranean site, with low erosivity, shows that PRC enables 25+ years of erosion-free operation
with a 0.07% curtailment-induced AEP loss, against a 1% loss for moderate erosion. At Lancaster-Hazelrigg, the
three-year mean AEP loss of 1.3% considering curtailment and erosion losses is lower than with standard control.
The doubled erosion-free life gives a net positive contribution to cost of energy reductions. At the North Sea site, the
three-year mean total AEP loss with PRC is higher than without, indicating the need for long-term cost analyses to
evaluate PRC viability.
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List of Abbreviations

AoA Angle of Attack

AEP Annual Energy Production

ALPS AEP Loss Prediction System
DSD Droplet Size Distribution

FDF Frequency Distribution Function
GPM Global Precipitation Measurement

IMERG Integrated Multi-satellite Retrievals for GPM
LCOE Levelized Cost of Energy

LE Leading Edge

LEE LE Erosion

LEP LE Protection

LPM Laser Precipitation Monitor

o&M Operation and Maintenance

PDF Probability Density Function

PRC Precipitation-Reactive Control

SCADA  Supervisory Control And Data Acquisition
WARET  Whirling Arm Rain Erosion Test

WT Wind Turbine

1. Introduction

Wind energy is playing a major role in decarbonizing electricity generation worldwide, and its role in this sector
is rapidly gaining momentum. For example, China’s government plans to more than double the country’s current
wind power capacity of 573 GW, 41 GW of which are contributed from offshore wind farms, to 1.3 TW by 2030.
This foresees the installation of more than 120 GW of wind power per year, with at least 15 GW of this amount
from offshore wind. An increasingly large deployment of offshore wind energy is being observed in several countries,
due to a larger availability of the wind resource and its higher quality, i.e. lower turbulence intensity, offshore. In
some countries, the growth of offshore wind parallels or exceeds that of onshore wind. For example, the UK aims
to increase the current installed capacity of offshore wind of about 15 GW to 50 GW by 2030, and bring the present
capacity of onshore wind of 15 GW to 30 GW by the same year. Achieving these goals requires optimizing all aspects
of wind turbine (WT) maintenance and performance to reduce the Levelized Cost of Energy (LCOE). This requires
reducing Operation and Maintenance (O&M) costs, which typically account for 25-30% of life-cycle LCOE [1]], while
maintaining or increasing wind farm Annual Energy Production (AEP).

This study focuses on the challenges posed by leading edge (LE) erosion of WT blades [2]. As explained below, LE
erosion (LEE) reduces WT power and AEP, and increases maintenance interventions, with both occurrences hindering

further reductions of wind LCOE. The presented research investigates the potential of an enhanced WT control strategy
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to mitigate the detrimental impact of LEE on AEP losses and reduce blade maintenance frequency, along with the
dependence of the benefit of this technology on the climatic conditions of the installation site.

LEE is caused by the repeated high-speed impact of rain droplets, hailstones or other airborne particles on the
blade LE. The damage increases with particle mass and impact speed, and is thus highest in the outboard blade region,
where the largest energy capture also occurs. Erosion yields LE geometry alterations that spoil the blade aerodynamic
performance, i.e. reduce the lift force and increase the drag force acting on the blade, thus reducing rotor torque, power
and AEP. From initial to intermediate stages, LEE reduces WT power due to premature laminar-to-turbulent transition
of the blade boundary layer [3]], and increased viscous and profile drag due to roughness [4]. At advanced stages,
like that of the offshore WT depicted in Fig. [T} LEE reaches the composite substrate, jeopardizing the blade structural
integrity. Furthermore, erosion depths become quite large, exceeding the height of the boundary layer height of the
nominal blade airfoil. In this circumstance, small flow separations occur around the eroded area [53]], which result in
aerodynamic performance degradation and WT AEP losses often larger than those due to lower-amplitude and more
distributed surface roughness [6]. Estimates based on Supervisory Control And Data Acquisition (SCADA) [7;[8]] point
to AEP losses of 2% or more onshore. Validated numerical analyses point to offshore losses of 2 to 2.5% [6} [4] for
severe LEE. It is noted that even a small AEP loss yields significant revenue losses. For a wind farm of rated capacity of
1.2 GW and mean capacity factor of 45%, e.g. Hornsea 1 in the North Sea, a 0.5% AEP loss with LCOE of £50/MWh

reduces revenues by about £1.2M per year.

Figure 1: Example of advanced LEE of offshore WT. Courtesy of iPS Powerful People.

LEE also increases wind farm O&M costs [9], which are notably higher offshore than onshore [10]. Blade erosion
is the largest contributor to unplanned repairs, 12 times higher than structural failures [9]]. The cost and health & safety
challenges of WT condition monitoring and maintenance offshore may result in delaying maintenance until severe
erosion compromises the blade structural integrity. Known major incidents due to LEE include the 2018 unplanned
closure of the 630 MW London Array [[11]] and the 400 MW Anholt offshore wind farm [[12].

The AEP losses before maintenance occurs, the cost of repairs and the associated turbine downtime, more signifi-
cant offshore, pose a hard barrier to further LCOE reductions. LEE has become a major challenge in the wind energy

sector, due to the unprecedented growth of offshore and onshore wind worldwide, including highly rainy regions in
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East/Southeast Asia. Furthermore, rated blade tip-speeds are being increased to limit the growth of drivetrain loads
and cost as rotor size grows [13]], with the resulting higher tip speeds worsening LEE.

A significant effort has been recently made in developing erosion-resistant LE Protection (LEP) systems. These
systems may belong to three main categories, namely liquid coatings, protective tape and erosion shields [2]]. LEP sys-
tems improve LE durability, but do not entirely resolve the LEE challenge, particularly at installation sites characterized
by frequent and intense precipitation.

A promising and complementary technology to mitigate LEE is the so-called “erosion safe WT operation” proposed
in [14], called atmospheric Precipitation-Reactive Control (PRC) herein, in light of the emphasis of the presented
research on the evaluation and optimization of the control steering variable. The key principle of PRC is to curtail
the rotor angular speed when erosive precipitation events occur. This leads to a reduced impact speed of blade and
hydrometeors, and, therefore, reduced LEE rate. Consequently, AEP losses due to reduced aerodynamic performance
and maintenance downtime decrease; maintenance frequency and costs also decrease. Unavoidably, however, the
speed curtailment yields reductions of the WT power during intense precipitation due to mechanical constraints on the
maximum torque on the drivetrain, as explained in Section One may expect that the economic viability of PRC
increases as the frequency of intense precipitation events at high wind speed decreases [15]. Indeed, some studies
indicate that PRC is an attractive option at sites where the LEE damage occurs over a small number of hours [16].
Investigating the general dependence of the PRC effectiveness in terms of LE life extension and AEP trade-offs is
the key focus of this study. Previous key research in this sector includes the study of [17], who developed a deep
reinforcement learning framework to optimize rotor speed considering rain-induced LEE. Using a surrogate model of
the high-fidelity LEE analysis framework proposed in [[18]], the work of [17] determined the rotor speed for each wind
speed and rainfall rate minimizing the AEP loss for speed curtailment and more than doubling the LE life of a S MW
WT.

One of the challenges for the real-world deployment of PRC is the choice of the best suited steering parameters
of this feed-forward control technology. The activation of PRC requires concurrent monitoring of the rotor angular
speed and suitable precipitation parameters. In the case of rain-induced erosion, the droplet size is one of the key
parameters affecting erosion rates [19]. However, the size of individual droplets cannot be used to steer PRC. One
or more aggregated parameters of the precipitation, computed in real-time, are instead required. Assessing the site
erosivity of the blade LE is required before evaluating the suitability of different aggregated precipitation metrics for
steering PRC. In this regard, the study of [20], presented a multi-disciplinary multi-physics framework for blade LEE
assessments that demonstrated the importance of using synchronous co-located time-series of measured wind speed
and Droplet Size Distributions (DSDs) in LEE assessments. Measured DSD time-series are paramount to assessing
site erosion potential [15]], and analyzing AEP loss trade-offs in the PRC context. These data enable evaluating LEE
progression rates with and without PRC, and determine the time-dependent LEE topographies [20]] to estimate LEE-
induced AEP losses [6]]. When measured DSD time-series are not available, the empirical Best DSD [21] may be used.
This model DSD depends only on the rainfall rate, and its validity is site-dependent, as shown below. This is because

the measured DSD at two sites with a precipitation event featuring the same rainfall rate may differ.
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The research presented herein addresses outstanding questions paramount to the real-world development of the
PRC technology, including the dependence of its effectiveness on sites’ climatic characteristics. More specifically,
the main objectives of the study are to: a) accurately assess the blade erosivity of an existing onshore WT site, and
prospective offshore wind farm sites in Western Europe making use of measured synchronous co-located wind speed
and DSD time-series; b) apply prototype algorithms for evaluating performance and maximum theoretical efficiency
of different precipitation metrics for PRC steering at the three sites; ¢) analyze the trade-off of AEP losses due to
both rotor speed curtailment and LEE for given LE life extensions to quantify the potential of the PRC technology
for reducing O&M, thus contributing to further LCOE reductions. To the best of the authors’ knowledge, this is the
first report investigating the choice of the best suited PRC steering parameter, performing parametric analyses of the
technology’s performance and efficiency using measured synchronous co-located wind speed and DSD time-series,
and using such data for quantitative comparisons of the LE life extension and the AEP loss trade-offs at sites with
significantly different climates.

All analyses refer to the case of LEE by rain, because this erosive agent is the most relevant to the considered sites,
but can be generalized to the case of other erosive agents. The article is structured as follows. Section |2} Materials
and methods, has three subsections: the definition of the multi-megawatt turbine used for all analyses is provided in
Subsection [2.1] along with the alterations of the WT steady-state power curve and control trajectories for PRC; the
erosion analysis method is summarized in Section whereas the wind and rain data of the three selected sites are
examined in Subsection which also describes the instrumentation for the wind and rain measurements and defines
the 1-year reference periods to which all analyses refer. Section [3] Results, consists of five parts: Subsection [3.1]
quantifies the AEP losses of the considered WT due to moderate and severe erosion, whereas the blade erosivity of
the three sites and the time to LEE onset are analyzed in Subsection Here, droplet size Frequency Distribution
Function (FDF) and map of fractional damage at the three sites are cross-compared to investigate the links between
site climate and blade erosivity. The analyses are performed with both measured and Best DSDs to quantify the errors
due to using an empirical DSD model when disdrometric data are not available. Subsection analyzes the relative
weight of droplet size and occurrence frequency on LEE damage and investigates the choice of the best suited rain
parameter for PRC steering, whereas the optimal set-up of PRC, its site-dependent performance, and the AEP losses
for rotor speed curtailment incurred to double the LE durability at the three sites are investigated in Subsection [3.4]
The trade-offs of the AEP losses due to rotor speed curtailment and those due to LEE at the three sites are discussed in

Subsection[3.5] Concluding remarks are provided in Section ]

2. Methods and materials

2.1. Reference wind turbine and precipitation-reactive control

The analyses reported in this study use the IEA Wind 15 MW offshore reference WT [22]]. The blades feature the
FFA W3 airfoils. Hub height and rotor diameter are 150 m and 240 m, respectively. The blade geometry and the profile
of the blade outermost airfoil, the FFA-W3-211 airfoil, are depicted in Fig.
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(a) Blade geometry with six radial positions at which LEE analysis is (b) FFA-W3-211 airfoil featured by outermost portion of IEA 15 MW
performed. WT blades.

Figure 2: Blade geometry of IEA 15 MW WT and FFA-W3-211 airfoil.

The cut-in, rated and cut-out wind speeds are, respectively, 3, 10.6 and 25 m/s, and the maximum tip speed is 95
m/s. The turbine is speed- and pitch-controlled; blade pitch control is collective and is active at start-up and above rated
wind speed to maintain the power at its rated value; rotor speed control is instead used after start-up and until rated wind
speed to maximize the WT power output. The IEA 15 MW WT has been modeled in OpenFAST [23]] (version v3.5.3),
an aero-servo-elastic framework for WT load and performance analyses. In this study, OpenFAST has been used to
simulate the WT operation from cut-in to cut-out speeds without and with PRC. More specifically, it has been used to
determine the curves of rotor speed N and blade pitch  versus wind speed V (N —V and B —V curve, respectively)
without and with PRC, and also the curves of generator power P versus wind speed V in the two scenarios. The N —V
curves are needed to determine the relative impact speed of rain droplets and blade, which is one of the input variables
needed for assessing the damage by rain erosion. The six radial positions at which the LEE analysis is performed
are highlighted by the colored strips in Fig. Table [1| reports the numerical values of these positions as percentage

values of the tip radius and in meters, along with the corresponding blade chords. In the OpenFAST analyses, wind

Table 1: Positions at which LEE analyses are performed and corresponding blade chords.

r[%] 70 75 80 85 90 95
r[m] | 84.68 90.73 96.78 102.82 108.87 114.92
c[m] | 322 3.00 277 2.52 2.26 1.99

turbulence has been neglected, and only wind shear, characterized by an exponent y of 0.12 for the power law has been
considered. Blade elasticity is resolved using the ElastoDyn library [24].

The steady-state curves of power P, aerodynamic torque Q and rotor thrust 7 without and with PRC determined
with OpenFAST are reported in the top plot of Fig. [3} whereas those of rotor speed N and blade pitch 3 are depicted in
the bottom plot of the same figure.

In both plots, dashed lines refer to standard operation, whereas solid lines refer to operation with rotor speed
curtailment, i.e. with PRC. Rotor speed curtailment is activated at V=9 m/s, for reasons discussed in Section@ The
PRC operating conditions are determined by two constraints: one is that the reduced value of the maximum rotor speed

should result in the maximum droplet/blade impact speed being at levels which reduce LEE; the other constraint is that
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Figure 3: Steady-state power and load curves, and rotor control trajectories. Dashed lines refer to regular operation and solid lines refer to PRC
operation. Top plot: generator power P, aerodynamic torque Q and rotor thrust 7' against wind speed V. Bottom plot: rotor speed N and blade pitch

B against wind speed V.

the rotor torque should not exceed its rated value, i.e. the maximum value at which the WT operates with standard
control. The fulfillment of these constraints is visible in Fig.[3] At V=9 m/s, the rotor speed N stops increasing, whereas
the torque Q increases more rapidly than in standard operation mode, due to the Angle of Attack (AoA) increasing more
rapidly. AtV =~ 10 m/s, the rated torque is reached, and the pitch control starts pitching the blades to feather to keep
the torque at its rated value by reducing the AoA as V increases. Blade pitching with PRC starts at lower wind speed
V than in standard operation mode. It is noted that the use of rotor speed curtailment to reduce LEE may result in
increased drivetrain fatigue, due to more frequent torque variations. The extent of this effect can be assessed with
aeroservoelastic WT simulations which are part of the future extensions of the research presented herein.

To obtain the steady-state control trajectories with PRC for V > 9 m/s, OpenFAST has been wrapped by a MATLAB
script that monitors the torque Q. As V increases above 9 m/s, the blade pitch is not changed until Q reaches its rated
value. From the wind speed at which this happens, the script determines the value of the blade pitch angle f yielding
the rated value of Q by means of a Newton-Raphson solution of the nonlinear problem.

The main operational parameters without and with PRC are reported in Tab. 2 in which V, is the wind speed at

which the maximum generator power P, is achieved.

Table 2: WT operational parameters without and with PRC.

PRC  V, [m/s]  Nyax [RPM]  Puax IMW]  Qpax IMNm]  Tax [MN]
OFF 10.6 7.56 15.0 19.8 2.76
ON 10.0 6.23 12.4 19.8 2.24
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2.2. Erosion analysis method

The model of the damage by rain droplet impact used to assess the erosion life of the LE coating is that proposed
by [25]]. The approach relies on the use of so-called V, — N, curves of LEP systems measured in a Whirling Arm Rain
Erosion Test (WARET) to improve the erosion life predictions of the empirical model due to Springer [26]. For each
droplet impact speed V,, which is the tangential velocity at a particular radial position of the three rotating arms bearing
the LEP system in the WARET, N, is the number of impacts per unit surface of droplets of given diameter leading to
the end of the incubation period, i.e. the time at which erosion starts. The use of WARET data enables correcting key
parameters of Springer’s model [25} [20], resulting in enhanced reliability of its predictions.

In the LEE analyses herein, the non-normality of the droplet impact on the blade due to the airfoil curvature and
velocity induction, which alters the relative air stream AoA and the trajectories of the impinging droplets, are not
considered.

In the LEE model of this study, the impact area is assumed to be a small flat region of the LE, and variations of
this area with the mean wind speed are neglected. The impact speed is taken to be the mean wind speed-dependent
peripheral speed of the blade at the considered radial position along the blade, and the droplet impact is assumed normal
to the LE. At each geographic site, the LEE analysis is performed over one year, using synchronous site-specific time-
series of hub-height wind speed and DSD. Both wind speed and DSD time-series use a time-step of 10 min. The blade
peripheral speed v(?), taken to be constant over each 10-min interval, is calculated for each mean wind speed V by
using the steady-state N —V curve computed before the erosion analysis. The number of droplets n, of diameter D per

m? impacting the LE in each 10-min interval is:
n(D,vs(t)) = 600 vy (t)n,(D,?) (1)

where n/,(D,t) denotes the number of droplets of diameter D per m?® in the precipitation in the considered 10-min
interval. To determine the damage D/(D,v,(t)) in the considered interval, the number of impacts per unit surface
Ny(D,vs(t)) that would lead to the end of the incubation period with all impacts characterized by droplets of diameter
D hitting the LE at speed v,(#) is also needed. This parameter is determined using the approach of [23]. The overall
damage Dy 7 over the reference period of 1 year is then obtained by accumulation using the Miner-Palmgren rule, that

' M; Np M; Np 5 ..
D= X Du= Y Xy @

i=1j=1 i=1j=1"Vs:ij
where subscript i and j are the indices of the 10-min interval and droplet bin, respectively. Symbols M; and Np denote
the total number of 10-minute intervals with rain and the number of D bins, respectively. The coating durability in
years is L. = 1/D; . The calculation of D 7 requires the time-series of V and DSD, since the value of 7} (D, v,(t)) in
each 10-min interval depends on the measured value of V, due to the dependence of v,(¢) on V, and the measured value

of nl,(D).

The LEP selected for the analyses of this study is a 3M liquid coating made up of polyurethane. The material
properties of this LEP system, based on WARET data, are provided in and their derivation is presented

in [27].
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It is noted that higher-fidelity LEE analysis methods could be adopted, such as that of [18]], using Smooth Particle
Hydrodynamics and finite element analysis to determine the coating stress due to water droplet impacts, and also

adopting alternative fatigue analysis approaches. This is part of future extensions of the present work.

2.3. Selected onshore and offshore sites

Three sites are considered in the LEE and PRC analyses herein. The first site, onshore, is the Hazelrigg site
in Northwest England on Lancaster University premises. A 2.3 MW WT and a UK Met Office weather station are
operational at the site, a view of which is reported in Fig. The second site is in the Southern Mediterranean. It is the
offshore site where the ENEA Station for Climate Observation on the island of Lampedusa is located [1_1 Lampedusa
is a small island with area of about 20 km?, located about 130 and 215 km from Tunisia and Sicily, respectively. The
prevailing wind direction is from the northwest, and the island has a fairly flat terrain. The prevailing wind direction is
from the northwest and the weather station is on the northeastern coast of the island. The ENEA station hosts also a
weather station, which includes a 10-meter mast, and a disdrometer. A view of the met mast and the surrounding area,
where the disdrometer is also located, is reported in Fig. @ The third site, also offshore, is in the North Sea (NS) off
the western coast of Germany. A view of the buoy hosting a wind LiDAR and a weather station at the site is reported
in Fig.

The geographical location of the three sites is indicated in the map of Fig. [5] whereas their latitude and longitude
are provided in Tab. 3] The LEE and PRC analyses of this study consider a period of one year (reference period) for

all three sites. The start and end dates of the reference periods are also reported in Tab.

Table 3: Reference periods for LEE and PRC analyses at selected sites.

Site Latitude Longitude Start date End date
Lancaster | 54.0138°N  2.7749° W | October 2018  September 2019
Lampedusa | 35.518° N 12.630° E | January 2024 December 2024
NS site 54.4029° N 5.5211°E | March 2022 February 2023

For all three sites, one-year wind speed time-series with time-step of 10 min at the hub height of 150 m are used. At
Lancaster, the wind speed time-series at 150 m height has been obtained from that recorded by the cup anemometer of
the 2.3 MW WT at the site over the reference period. The output frequency of the measurements is 10 min. Since the
nacelle is at 64 m height, the wind speed at 150 m has been obtained by extrapolations based on the power law of the
vertical wind profile,namely V =V, s (Z/ Zre f) ' To improve accuracy, the exponent Y has been calculated for each set
of six consecutive 10-min intervals using the values computed from the hourly wind speeds at 10 and 100 m provided
by the ERAS repository of global climate reanalysis [28].

At Lampedusa, the wind speed time-series at 150 m height over the reference period has been obtained from that

recorded by the Vaisala WINDCAP Ultrasonic WMT700 sonic anemometer - part of a Vaisala Milos 500 weather

Thttps://www.lampedusa.enea.it.
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Figure 4: Images of instrumentation at three selected sites.
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Figure 5: Geographic location of three selected sites.

station - on the 10-m met mast. Since the output frequency of the measurements is 1 min and the time-series for
the LEE and PRC analyses is 10 min, the required time-series have been obtained by data aggregation, that is taking
the mean wind speed of each set of 10 consecutive 1-min measurements. The exponent y needed to extrapolate the
measured wind speed at 150 m has been calculated using ERAS5 data, as for the Lancaster site.

At the NS site, the wind speed time-series at 150 m height over the reference period has been obtained from
that recorded by a buoy-fitted offshore LIDAR anemometer (model ZX300M) over the same period [29]. The output
frequency of the wind measurements is 10 min. Measured wind speeds are available at 140 and 200 m. Thus, the wind
speed at 150 m has been obtained by power law interpolations, and the exponent 7y has been calculated for each 10-min
interval using the measured wind speeds at 140 and 200 m.

The scale factor ¢ and the shape factor k of the Weibull Probability Density Function (PDF) at the three sites, along

with the mean annual wind speed, are reported in Tab.[d An ERAS5-based verification of the wind measurements used

for the LEE and PRC of this study is provided in[Appendix B|
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Table 4: Weibull PDF scale factor ¢ and shape factor k, mean annual wind speed V.4, and annual rainfall 7 at selected sites. PDFs based on 10-min

wind data bins at 150 m. Lancaster and Lampedusa annual rainfall 74 based on disdrometric readings and North Sea Ty based on IMERG data.

Site c[m/s] k[-] Viean [m/s] T4 [mm]

Lancaster 8.02 1.89 7.1 1193
Lampedusa | 9.00 1.74 8.0 190
NS site 11.27  2.17 9.9 1260

For all three sites, measured time-series of the rainfall rate R over the reference periods are available, and also mea-
sured DSD time-series are available for the Lancaster and Lampedusa sites. Since disdrometric data are not available
at the NS site, the DSD time-series at this site are computed using the empirical Best DSD [21], which depends on
the rainfall rate R. The required R time-series is obtained from NASA’s Integrated Multi-satellite Retrievals for GPM
(IMERG) [30] database. The T4 value for the NS site in Tab. E]is also calculated with the IMERG data.

All LEE and PRC analyses in this study use DSDs measured or computed every 10 min. At the Lancaster Hazelrigg
and Lampedusa sites, a Thies Clima’™ Laser Precipitation Monitor (LPM) [31] has been used to measure the DSD
time-series over the reference period. Since the LPM has data output frequency of 1 min and the time-series for the
LEE and PRC analyses use a time-step of 10 min, these latter have been obtained by aggregating the data of sets of ten
consecutive 1-min LPM readings.

At Lancaster and Lampedusa, the R time-series, needed for LEE and PRC analyses using the Best DSD, have been
computed using the disdrometric data, as explained in These time-series are also used to determine the
annual rainfall T reported in Tab.[d] At the NS site, the 10-min R time-series for the reference period is obtained from
IMERG, by assuming R to be constant over three consecutive 10-min intervals, as the time-step of the original IMERG
time-series is 30 min. For cross-validation purposes, the R frequency occurrence of the three sites using all available
data sources, i.e. ground- and satellite-based measurements, are compared in[Appendix B|

An important parameter used to both qualitatively characterize the site precipitation regime and, potentially, also to

steer WT PRC, is the mass-weighted mean diameter Dj;, whose definition is:

5 No(D)D*dD

min

o Ny(D)D3dD

Dy 3

Here, D is the droplet diameter, N denotes DSD, and subscript 'x’ is "M’ for measured and B’ for Best DSDs. The
curves of Dy, against R over the considered reference periods at Lancaster and Lampedusa are reported in Fig. [
The two symbol clouds provide the values of Dy, calculated for each 1-min observation for the measured R, and the
figure also reports a power law fitting of the measurements at the two sites. The Dy, curve based on the Best DSD
is also reported for reference. One notes that at Lampedusa the Best DSD fits fairly well the mean characteristics
of the observed precipitation for R > 1 mm/hr. At lower R levels, the agreement worsens, indicating possible larger
discrepancies between the model DSD and the DSD associated with the actual precipitation. At the Lancaster site,
conversely, the Best curve overpredicts Dy over the entire R range considered. These trends indicate that the Best DSD

is biased towards larger droplets for all R values at Lancaster, whereas it better matches the relative amounts of droplets
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of different size at Lampedusa. These differences, examined in greater detail in[Appendix B] are key to LEE and PRC
analyses, as the droplet size is one of the key parameters affecting erosion rate and, in turn, AEP losses due to LEE and
PRC-linked rotor speed curtailment.

The trends above point to the fact that at sites with a predominantly convective rain regime, like Lampedusa, LEE
analyses may be performed measuring only R and, potentially, PRC may also be implemented by measuring only R.
Conversely, at sites like Lancaster, the use of disdrometric data may be essential to avoid errors in estimating AEP
losses due to LEE and rotor speed curtailment in PRC assessments. These aspects are discussed in greater detail in
Sections [3.2]and 3.4l

The discrepancies between Best and measured DSDs at some wind farm sites have been observed in other studies.
For example, notable differences between the two DSDs have been found at an offshore site in the NS close to the
northeastern coast of England [32]]. The large scatter in the measured data of Fig. [f]is a consequence of the temporal
anisotropy of rain precipitation. Both the temporal and spatial anisotropy of rain precipitation may be accounted for in

LEE assessments by using stochastic models like that demonstrated in [33].

LT
o3 © Lancaster data
8r . o Lampedusa data |
o | ancaster fit
Tr Cl | ampedusa fit
gho *© m— Best DSD
=} .

10" 10° 10" 102 108
R [mm/hr]

Figure 6: Measured and Best DSD-based mass-weighted mean diameter Dy, versus rainfall rate R.

3. Results

In this section, the analyses of the AEP losses due to LEE and those incurred for rotor speed curtailment when
using PRC are performed for the three sites under investigation. The selected turbine is the IEA 15 MW WT in all

cases.

3.1. AEP losses due to LEE

To produce quantitative terms of reference for the AEP losses due to rotor speed curtailment with PRC, the AEP
losses due to LEE incurred with standard operation mode are determined in this section. The AEP Loss Prediction
System (ALPS) [6] has been used to determine the LEE-induced AEP losses caused by one moderate and one severe

LEE state. The ALPS calculation of the AEP loss requires estimating the aerodynamic performance of both the
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nominal blade and the two eroded blade variants. Since the rotor performance is determined with the implementation
of the blade element momentum theory embedded in OpenFAST, the AEP loss assessment requires the curves of lift
coefficient ¢; and drag coefficient ¢, against the AoA for the nominal and eroded blade airfoils [6].

Both moderate and severe erosion are assumed to cover the outermost part of the blade, from the tip to 70% rotor
radius. Although the IEA 15 MW WT uses the FFA-W3-211 airfoil from the blade tip to 76% rotor radius, the ALPS
analyses below assume that this airfoil is used until 70.4% for simplicity, as this enables analyzing a single airfoil for
each of the three blade variants. It has been verified that this approximation introduces negligibly small variations of
the clean turbine AEP with respect to when the actual blade geometry of the IEA 15 MW WT is used.

The moderate erosion state features distributed LE roughness with equivalent sand grain roughness k; [34] of
ks = 200 pm, referred to a 1-meter chord, extending from the LE to 13% chord on the lower side and from the LE to
3% chord on the upper side. The considered level of moderate erosion depth corresponds to damage of the LE coating,
insufficiently deep to affect the composite substrate of the LE. The severe LEE damage is based on a constant-depth
chordwise groove affecting both the upper and the lower areas of the LE, a model also used for uncertainty analysis of
the LEE topography in [S]]. The groove starts at 13% chord from the LE on the lower side and ends at 5% chord from
the LE on the upper side, and has depth of 1.5 mm referred to a 1-meter chord. Additionally, distributed roughness of
200 pm is applied to the groove to account for the additional detrimental impact of the rough surface of the partially
eroded composite substrate on aerodynamic performance.

Computational Fluid Dynamics (CFD) is used to determine the ¢; and c; curves of the clean and eroded FFA-
W3-211 airfoils for a reference chord- and relative speed-based Reynolds number of 10M. This value is that indicated
for this airfoil in the definition of the IEA 15 MW [22]. For given rotor speed, the Reynolds number varies by less
than 20% between 55 and 95% blade tip radius. The value of 10M corresponds to the Reynolds number level in this
blade region at V ~ 8 m/s. Since the AoA values of the outboard blade portion, which harnesses the majority of the
wind power, is well below stall in the operating range with constant tip-speed-ratio, the value of 10M turns out to be
an adequate choice for assessing the performance of the outboard blade over the entire wind speed range. ANSYS
Fluent [35] version 2024 R2 is used for the simulations. All CFD analyses are incompressible and two-dimensional,
and solve the Reynolds-averaged Navier-Stokes coupled to the Shear Stress Transport k — @ turbulence model [36].
The simulations of the clean airfoil use a grid with 370880 cells, and integrate the transport equations of the turbulence
model down to the wall. The clean airfoil analysis of the FFA-W3-211 airfoil is performed using a free transition
model of surface boundary layers [37]], whose set-up is described in [3]. It has been verified the maximum value of the
minimum nondimensionalized wall distance y™ is below 0.5 at all AoA values considered.

The simulations of the airfoil with moderate erosion use the same airfoil geometry and grid of the clean airfoil
case. Furthermore, a distributed roughness model [3; 4], based on the equivalent sand grain roughness [34], is used
to account for the effects of LEE in aerodynamic performance. The CFD simulations of the airfoil with severe LEE
assume fully turbulent boundary layers, since the geometrically resolved forward facing steps of the LE groove [5] trip
the boundary layers at the LE [4]]. It has been verified that the grids used for the simulations of all three airfoil variants

produce grid-independent results.
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The force coefficients of the clean FFA-W3-211 airfoil and its two eroded variants are compared in Fig. [/l Fig-
ure [7a] reports the curves of ¢; against the AoA o, whereas the drag polars are compared in Fig. As expected, the
aerodynamic performance impairment increases significantly with LEE severity. The AoA at the outboard part of the
blades of the IEA 15 MW WT for wind speed V between 6 and 10 m/s varies between about 7.2° and 7.5°. Comparing
the aerodynamic performance at o = 8°, a representative value accounting also for AoA increases in the presence of
LEE, one sees that the ¢; value of the clean airfoil of 1.21 decreases to 1.15 with moderate LEE and down to 1.09 in
the case of severe LEE. The increase of the drag force is also significant: the nominal ¢, value of 0.010 increases to

about 0.015 with moderate LEE and up to 0.021 with severe LEE.

nominal
1.5 F |=—moderate LEE
severe LEE

nominal
moderate LEE
severe LEE

20 -10 0 10 20 0 0.05 0.1 0.15
all c, [

(a) Lift coefficient ¢; versus AoA «. (b) Lift coefficient ¢; versus drag coefficient c;.

Figure 7: Force coefficients of nominal FFA-W3-211 airfoil and two variants with moderate and severe LEE.

The reduction of aerodynamic performance highlighted above results in reductions of WT power and AEP. The
power curve of the nominal and eroded WTs are determined with OpenFAST, using the analysis set-up with standard
control summarized in Section 2.1} These assessments do not consider atmospheric turbulence for consistency with
the analyses of the AEP losses for rotor speed curtailment of Section [3.4} which also neglect this feature. The adopted
¢y and ¢y curves of the nominal and eroded FFA-W3-211 airfoils used in the outboard part of the blades are those
discussed above, and the force coefficients of all other airfoils are those reported in [22]]. The wind data used to
determine all AEP values at the three sites are those presented in Section The AEP values of the nominal IEA 15

MW WT with standard control at the three sites are reported in Tab.[3]

Table 5: AEP at three selected sites for ideal case, i.e. standard operation (no PRC) and blades unaffected by LEE.

Location Lancaster Lampedusa North Sea site

AEP (MWh) 49561 56433 77923

The AEP losses associated with the moderate and severe LEE states at the three sites are provided in Tab.[6] These
data indicate that, for given LEE state, the AEP loss is largest at Lancaster and smallest at the NS site. This is because

the mean annual wind speed at the former site is lower than at the latter. In general, the blade pitch control, whose main
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Table 6: AEP losses due to moderate and severe LEE at three considered sites.

Lancaster | Lampedusa | North Sea
Moderate LEE 1.37 1.00 0.77
Severe LEE 2.74 1.98 1.56

(AEP loss); g [%]

task is maintaining the output power constant and equal to the rated value above rated wind speed, compensates for the
¢; reduction and ¢, increase due to LEE by pitching the blades of a WT hit by LEE less than those of the corresponding
WT with clean blades [4]. This occurrence makes the power curve insensitive to LEE once the rated power is achieved.
Since the damaged WT at the NS site spends more time above rated wind speed than the same WT at Lancaster, the
percentage AEP loss at the former site is smaller than that at the latter site. It is also noted that LEE slightly increases
the wind speed at which the eroded WT achieves rated power. This increase, however, is notably smaller than the mean
annual wind speed increase of nearly 3 m/s at the NS site, as reported in Tab. 4] making the latter feature the leading
effect in the variation of the percentage AEP loss. Finally, one notes that, for given site, the AEP loss increases with

the LE damage severity, as expected.

3.2. Analysis of site erosivity of the blade LE

The analyses of site erosivity of the blade LE herein aim at estimating the time taken for LEE to appear, i.e. the
time from which the AEP losses determined in the previous section are incurred. The LEE assessment of the 15 MW
WT uses the method defined in Section[2.2] The adopted time-series of wind speed and DSDs are those described in
Section2.31

In order to more easily compare the characteristics of the synchronous wind speed and DSD data of the three sites,
the left plots of Fig. [§|present the sites’ joint FDFs of the droplet size relative frequency. The independent variables are
wind speed V and droplet diameter D. These FDFs have been generated by using 10-min time-series of wind speeds
and DSDs over the reference period of each site. The relative frequency n,/n,r is the ratio of the total number of
droplets per m? n, of a particular V — D bin in the reference period and the total number of droplets per m? N, in the
same period. The first droplet class (0.125 < D < 0.250 mm) has not been considered in the generation of the three
maps, due to uncertainty affecting disdrometric readings of very small and very large droplets [38}; 395 40].

The droplet size FDF at Lancaster (Fig. indicates that the largest amount of droplets is in the region with D < 1
mm and V < 15 m/s. The corresponding FDF at Lampedusa (Fig. [Sc)) is qualitatively similar to that at Lancaster, but it
jindicates larger proportions of droplets with 1 < D < 3 mm. This difference is consistent with the analysis of
Furthermore, the Lampedusa site has rain at low wind speed with respect to Lancaster. The droplet size FDF of the
NS site (Fig. [8¢), using measured wind but IMERG R data and the Best DSD, is remarkably different from the other
two maps, as it indicates large amounts of rain at wind speeds well above 20 m/s.

The results of the erosion analyses at the three sites based on the wind and rain time-series are reported in Tab. |7} For

Lancaster and Lampedusa, Tab. [/|also reports the coating lives obtained by adopting Best DSD time-series generated
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(e) North Sea site: droplet FDF based on measured wind and Best DSD
using IMERG R time-series.
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(b) Lancaster: fractional damage FDF based on measured wind
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(d) Lampedusa: fractional damage FDF based on measured wind

and measured DSD time-series.
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(f) North Sea site: fractional damage FDF based on measured wind and

Best DSD using IMERG R time-series.

Figure 8: Normalized joint FDFs of droplet count (left), and corresponding joint FDF of LE fractional damage at 95% rotor tip (right) at three sites.
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Table 7: LE coating lifetime prediction at six blade positions of Tab.at three selected sites.

r[%] 70 75 80 85 90 95
Life [yr] - Lancs./Meas.  13.0 7.3 4.2 2.5 1.6 1.0
Life [yr] - Lancs./Best 16.6 9.3 5.4 33 2.0 1.3
ALifey /g [%] -22.8  -22.8 -22.8 -22.8 -22.8 -22.8
Life [yr] - Lamp./Meas. 180.4 101.0 58.7 353 21.8 13.8
Life [yr] - Lamp./Best 167.3 937 544 327 202 128
ALifeM/B [%] +7.8 +7.8 +7.8 +7.8 +7.8 +7.8
Life [yr] - NS/Best 9.9 5.5 32 1.9 1.2 075

with the measured R of each 10-min interval, and also the percentage difference between the lives evaluated using
measured and Best DSD time-series. For each site and DSD type, the table reports the incubation times at the six blade
positions in Tab. |1} The shortest coating life is always that at 95% tip radius, characterized by the largest blade/droplet
relative impact speeds. Based on measured DSDs, LE erosivity at Lancaster is substantially higher than at Lampedusa,
as the coating life at 95% tip radius is 1 year at the former site and 13.8 years at the latter one. This is for two reasons:
one is that the annual rainfall at Lancaster in the reference period is six times larger than at Lampedusa, and the other is
that at Lampedusa a significant amount of the annual precipitation occurs at low wind speed with respect to Lancaster
(rain at low wind speed is less erosive due to lower rotor speed). The NS site is even more erosive than Lancaster,
as the coating life at 95% tip radius is only 0.75 years. The coating life at the NS site is the lowest of the three sites
because it experiences the largest annual rainfall and the largest proportion of intense precipitation at high wind speed.

The use of the Best DSD at Lancaster leads to an overestimation of about 23% of coating lives, whereas at Lampe-
dusa the use of the empirical DSD model underestimates by about 8% coating lives. The fact that the magnitude of
this difference is smaller at Lampedusa is due to the fact that at this site the measured and Best DSDs are closer than at
Lancaster, as observed in[Appendix B| The more optimistic estimate of the Best DSD-based LEE analysis at Lancaster
is due to the fact that the Best model underestimates the amount of small droplets and, consequently, their contribution
to LEE. The overestimation of the medium-sized droplets and their contribution to LEE does not outweigh the impact
of the small droplets. At Lampedusa, conversely, Best underprediction of the small droplets is notably smaller than at
Lancaster. The effect of the overestimation of the medium-sized particles on LEE prevails over the underestimation of
small droplets, and the predicted coating life is thus sightly shorter than that based on the measured DSDs.

The analyses above highlight both the large differences in LEP system durability arising from different wind and
rain climates, and the site-dependent agreement of measured and model DSDs. The latter point is particularly relevant
to the development of the WT PRC technology and the minimization of AEP losses due to rotor speed curtailment, as
discussed in Section

The right plots of Fig. 8| report the joint FDFs of the fractional erosion damage D;/Dy 7 at 95% tip radius corre-
sponding to the droplet size FDFs of the three sites in the left plots. These damage maps have been generated using the

output of the LEE analyses making use of the 10-min time-series of wind speeds and DSDs over the reference period.
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The fractional damage is the ratio of the damage Dy caused in the reference period by all the droplets in a particular
V — D bin and the overall damage Dy 7 in the same period. The damage D; in the reference period is computed by
accumulating the damage D), occurring in each 10-min interval of the time-series in the considered V — D bin. The
definition of D/, is provided by Eq. .

The fractional damage map of Fig. [8b|shows that at Lancaster significant damage starts at a wind speed V of 9 m/s,
with the peak damage occurring for 10 <V < 11 m/s (around rated wind speed) and 0.5 < D < 0.75 mm, a relatively
small droplet size. The fractional damage for V > 15 m/s is very small. At Lampedusa (Fig.[8d), trends are similar.
Also in this case the peak damage occurs around the WT rated wind speed and for small droplet sizes. The most notable
differences are a higher damage produced by small droplets (0.25 < D < 0.5 mm) at Lancaster and a higher damage
produced by larger droplets (0.5 < D < 1.25 mm) at Lampedusa. Both findings are in line with the Dy, analysis of
Fig. [6] and the rain data analyses of The fractional damage map of the NS site is remarkably different
from that of the other two sites, as significant erosion damage is observed all the way up to V ~ 22 m/s. This is because

the amount of rain at high wind speed is larger than at the two other sites.

3.3. PRC steering parameters and activation thresholds

This section discusses the choice of a suitable precipitation-related metric to steer PRC. The individual droplet
diameters cannot be used for steering PRC, as a wide range of droplet sizes exists in each rain event. Conversely,
PRC steering requires using an integral or mean parameter featuring a good correlation with the erosion damage
determined with measured DSD time-series. For each candidate parameter, a method to determine its threshold value
for activating PRC is also required, an issue also addressed in this section. The problems of selecting suitable PRC
steering parameters and determining their threshold values are addressed by considering the Lancaster site.

The relationship between different measured rain parameters and erosion damage at the Lancaster site is analyzed
in Fig.[9] Figure[9a]reports the joint FDF of the normalized droplet count, whereas Fig. [0b] provides the corresponding
FDF of the fractional damage (these two figures are the same maps of Figures[8aland[8b). It is noted that the fractional
damage of Fig. [Ob] accounts for both the erosivity of each droplet of diameter D at wind speed V, and the number
of impacts of this type. To examine separately these two effects, one can also determine a joint FDF of erosivity or
specific fractional damage by dividing the value of each bin of the map of Fig. [0b| by the number of impacts with the
V and D values of that bin, i.e. by the corresponding value of the map of Fig.[9a] In the region with precipitation, the
resulting map (not reported for brevity) shows that, for given V, erosivity increases monotonically with the droplet size
D, in line with the WARET observations [14]. Hence, the occurrence of the peak fractional damage at 10 <V < 11
m/s and 0.5 < D < 0.75 in Fig. |9b| does not mean that this droplet class is the most erosive one, but merely that the
erosivity of these droplets combined with their high occurrence frequency yields the largest fractional damage of the
reference period.

The mass-weighted mean diameter Dy, is one of the possible parameters usable to steer PRC. The map of Fig.
presents the relative frequency of occurrence of Dy, over the reference period, with symbols npy, and M; denoting,
respectively, the number of 10-min intervals of each V — Dy, bin, and the overall number of 10-min intervals with

rain detected. For each 10-min interval, Dy is computed with Eq. (3). The fractional damage map of Fig [9d] differs
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Figure 9: Joint FDFs of droplet count and corresponding mass-weighted mean diameter count, and fractional damage and specific fractional damage
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based on D, DSD-based Dy and R at Lancaster. All maps based on measured wind and measured DSD time-series.
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from that of Fig.[Obin that the former uses Dy, as rain parameter, whereas the latter uses the droplet diameter D. The
fractional damage map of Fig. @ shows that the peak fractional damage D,/D, 7 occurs at 1.0 < Dy < 1.25 mm and
10 <V <15 m/s.

The fractional damage map of Fig.[0d|considers both the erosivity of a 10-min rain event at given Dy and v, and the
occurrence frequency of that event. Also when using Dy, as integral rain parameter, one can obtain a specific damage
joint FDFE. This is accomplished by by dividing each bin of the damage map of Fig. 0d| by the corresponding bin of
the map of Fig. The operation yields the normalized specific damage joint FDF of Fig. More specifically, this
map is obtained by dividing the map of non-normalized damage D, by that of Dy, occurrence, which yields a map of
specific damage Dy,. This latter is then normalized by the total specific damage Dy, 7, yielding the FDF of Fig. @
It is noted that, for given V, the specific damage does not increase significantly with Dy, as expected. Moreover, for
1.25 < Dy < 1.75 mm, multiple gaps are encountered as the wind speed increases from 11 to 20 m/s. This is also
unexpected, since the rotor speed in this V range is constant and rainfall occurs over the whole V range, as visible
in Fig. Both phenomena are linked to the wide scatter of the measured DSD-based Dy, data visible in Fig. [6]
As discussed in greater detail below, this scatter results in the number of larger and more erosive droplets not always
increasing with the value of Dy, of the 10-min precipitation. On the other hand, if the specific damage map is plotted by
using values of Dy, computed with the (analytical) Best DSD, but still using the measured DSDs for the LEE analysis,
the specific damage map shows that, for given V range, the specific damage increases monotonically with Dys. These
observations are important for the discussion of the PRC analyses of Section

Another possible PRC steering parameter is the measured rainfall rate R. An advantage of using this variable over
the Dy parameter computed in real-time with measured-DSD time-series is the avoidance of disdrometric measure-
ments. The joint FDF of the fractional damage as function of V and R is shown in Fig.[9f] Also in this case, the erosion
analyses are performed using the measured DSDs. The largest fractional damages are observed at the lowest R levels.
This is because the reported damage considers both the erosivity of the rain events (with each event defined by a bin’s
R and V values), and their occurrence frequency. The high damage at low rainfall rate R is due to the high occurrence
of moderately erosive rainfall.

Since LEE damage becomes significant at V = 9 m/s at all three considered sites, all PRC analyses reported herein
apply rotor speed curtailment from this wind speed. The second condition for activating PRC is determined by the
value of a precipitation-related parameter. An algorithm based on the Secant method (Algorithm A in
has been developed to determine the activation threshold of the selected parameter, i.e. the parameter value above
which PRC is activated. In general, the input data of the algorithm include the measured DSD time-series for the LEE
analyses, the standard and curtailed WT N —V curves, and a user-given damage reduction, i.e. a target life extension.
When the activation parameter is Dy, Algorithm A can use either the measured or Best DSD time-series to calculate
the Dy, threshold for activating PRC, but the LEE assessment is performed with measured DSD time-series. With
minor alterations, Algorithm A has also been used to determine the curtailing threshold of R when using the measured
rainfall rate to steer PRC.

Algorithm A determines the Dy, or R thresholds for activating PRC in real-world operation. To assess the efficiency
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of these curtailing thresholds, a second algorithm (Algorithm B in has been developed. Its aim is
to determine, for given LE life extension, the minimum theoretical amount of AEP loss due to speed curtailment,
independently of the PRC activation parameter. Reduced AEP losses predicted by Algorithm B would correspond to
reductions of the curtailing time and/or increased curtailing below rated wind speed. The ratio between the AEP losses
of Algorithms A and B is a measure of the efficiency of the considered curtailing parameter. reports
an analysis of the sensitivity of the PRC performance predicted by Algorithm A and the convergence characteristics
of the algorithm to the main convergence tolerance parameter. The section also reports a study on the sensitivity of

Algorithms A and B to the time-step of the rain data time-series.

3.4. LE life extension and AEP losses for speed curtailment

The LE of WTs operating in standard mode erode with time and, therefore, AEP decreases as time progresses.
Using PRC, the progression of AEP losses due to LEE can be reduced or suppressed. However, an AEP loss due to
rotor speed curtailment arises. An optimal PRC set-up should aim to minimize this loss while maximizing LE life. In
the PRC analyses of this section, the AEP loss for rotor speed curtailment is estimated with respect to the ideal AEP
with standard operation and nominal blades. These reference AEP values for the three sites are reported in Tab. [5]
The presented analyses also investigate the impact of using alternative precipitation parameters to extend LE life while
minimizing AEP losses for speed curtailment.

Table [8] shows the AEP losses and LEE lives for rotor speed curtailment of the 15 MW WT with and without PRC
at the Lancaster site. Alternative PRC set-ups are considered, and the main operational parameters for each set-up are
also provided. Each row refers to the PRC set-up indicated in the first column. For all PRC set-ups, the operating
parameters have been determined by prescribing a target LEE life equal to twice that with standard operation. The
second column, labeled "Parcy,’, provides the PRC activation threshold of the considered rain-related parameter (D
and Dy, p are in [mm] and R is in [mm/hr]), and the third column reports the incubation time at 95% blade tip radius.
The fourth and fifth columns report, respectively, the percentage time of the reference period in which the WT produces
power, i.e. the total time with 3 <V < 25 m/s, and the percentage time of the operational period in which PRC is active.
The variable (AEP loss)cyrt in the last column is the percentage AEP loss due to rotor speed curtailment.

In Tab. 8] the second row, labeled *Djy s’, refers to the case of PRC activation based on the Dy, values determined
from measured DSDs. The activation threshold has been determined setting N, = Njs in Algorithm A. The third row,
labeled "Dy p’, refers to PRC activation based on the Dy, values determined with the Best DSD based on measured R
values. The activation threshold has been determined setting Ny = Np in Algorithm A.

Using the Dy set-up, yields an activation threshold of about 0.72 mm, lower than the value of about 1 mm
obtained with the Dy g set-up. This results in the curtailing time and AEP loss of set-up Dy y being larger than those
experienced with set-up Dy . In the latter case, the AEP loss due to speed curtailment is 0.83% of the reference
AEP, whereas the loss amounts to 1.41% in the former case. The reason for these differences is the wide variability of
measured DSDs for given rainfall rate R. This feature is highlighted by the large data scatter in Fig.[6] The implication

of this scatter on PRC is further discussed below.
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Table 8: Operational parameters of different PRC set-ups and AEP losses for rotor speed curtailment at Lancaster site.

PRC set-up | Paroy¢ Life [yr] Time Operational [%] PRC Enabled [%] (AEP loss)curt [%]
no PRC - 1.0 85.1 - -

Dy 0.72 2.0 85.1 5.0 1.41

Dy p 1.01 2.0 85.1 2.9 0.83

R (meas) 0.75 2.0 85.1 29 0.83

Ideal (meas) - 2.0 85.1 2.4 0.71

The row of Tab. [§] labeled R (meas)’ refers to PRC activation based on the measured R values. The AEP loss
of 0.83% equals that obtained with set-up Dy g. This is because there is a one-to-one relation between Dy g and R,
resulting in the two PRC set-ups being equivalent. The curve of Best DSD-based Dy, versus R is shown in Fig.
The last row of Tab. 8] labeled "Ideal (meas)” gives the optimal PRC operating conditions determined with Algorithm
B. The AEP loss of 0.71% is smaller than that determined by using the Dy p- and R-based curtailing. However, the
relatively small difference indicates that Algorithm A is well suited to determine PRC activation thresholds.

The main finding of the analyses above is that steering PRC using measured R values or Dy values based on the Best
DSD and measured R enables achieving a target LE life extension with a lower AEP loss with respect to set-up Dy p7.
This is because the erosion damage correlates better with R than measured DSD-based Dy,. This is illustrated in Figures
10al and which plot the fractional damage of each 10-min rain interval against Dy »s and Dy g, respectively. The
data scatter is larger in the former case, and this adversely impacts the capability of Algorithm A to determine a
satisfactory PRC activation threshold using measured D), time-series. This is illustrated by considering points A and
B in Fig. [T0a] Algorithm A will start by excluding from standard WT operation many points like A, characterized by
large Dy but unexpectedly low fractional damage. This type of points are characterized by low R and DSDs with a
large proportion of large droplets. More damaging precipitations, like that of point B, yielding large fractional damage
but featuring high R values and DSDs with a large proportion of smaller droplets, will be considered later by Algorithm
A. Therefore, the use of measured Dy, for PRC yields a lower, more restrictive, activation threshold of this variable
with respect to when the Dy p set-up is used. This is also illustrated by considering point A’ and B’ in Fig. which
are the counterparts of points A and B. The Dy, g representation of these two rain events shows a stronger correlation of
fractional damage and D, an occurrence which enables to significantly reduce the AEP loss due to speed curtailing.

Due to the one-to-one relation between Dy g and R, the correlation between fractional damage and R is also quite
strong, as shown in Fig. [[0d]

In order to visualize the effect of PRC on the LEE damage reduction, Fig. [[T]reports the joint FDF of fractional
damage as function of R and V at the Lancaster site using PRC. The map should be compared with that of Fig. [9f]
referring to standard operation. In both figures, the horizontal black line denotes the PRC R activation threshold of
0.75 mm/hr. The map of Fig. [T1]indicates substantial reductions of the fractional damage for R > 0.91 mm/hr, and
notable reductions also in the range 0.45 < R < 0.91 mm/hr, confirming the correctness and strength of the adopted

approach.
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Figure 10: Relations between fractional damage, Dy, and R at Lancaster site, and Best DSD-based relation between R and Dy,.
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Figure 11: Fractional damage FDF based on V and R using R-based PRC.

Table 9: Operational parameters of different PRC set-ups and AEP losses for rotor speed curtailment at Lampedusa site.

PRC set-up | Pary,¢ Life [yr] Time Operational [%] PRC Enabled [%] (AEP loss)curt [%]
no PRC - 13.8 87.1 - -

Dy m 0.93 27.6 87.1 0.8 0.21

Dy p 0.96 27.5 87.1 0.3 0.07

R (meas) 0.58 27.7 87.1 0.3 0.07

Ideal (meas) - 27.7 87.1 0.2 0.06

All observations above also apply to the Lampedusa site. Table [0] summarizes the results of the PRC analyses of
this site. All PRC set-ups double the LE life, bringing it to more than 27 years, a duration longer than expected WT
life. The Dy s set-up yields a larger AEP loss than the Dy p set-up, as expected. Similarly to the Lancaster site, the
R-based PRC steering gives the same AEP loss of the Dy p set-up. The minimum level of AEP loss for rotor speed
curtailment at Lampedusa is only 0.07% of the nominal WT AEP. This result emphasizes the PRC potential to greatly
reduce blade surface maintenance costs at the expense of very small AEP losses at sites characterized by moderate
precipitation climates.

The last row of Tab. [0} referring to PRC yielding minimum possible AEP loss for curtailment, reports an AEP loss
of 0.06%, close to the AEP loss of the Dy p and R set-ups. This confirms again the effectiveness of PRC algorithm A.

The results of the PRC analyses for the NS site are reported in Tab.[I0] All assessments use the R time-series for
the reference period obtained from IMERG, with rainfall rates assumed to be constant over three consecutive 10-min
intervals, as the time-step of the IMERG time-series is 30 min. Best DSDs are used in Algorithm A to calculate the LE
damage, as disdrometric measurements are not available for this site. The data of the second and third rows indicate
that using R- or Dy g-driven PRC to double the life of the LEP system incurs an AEP loss of 0.89% due to curtailment.
This value is slightly larger than that of 0.83% at the Lancaster site. This is due to longer speed curtailing required to
achieve the set life extension. In turn, this is because the percentage of intense precipitation with high wind speed at

this site is higher than at the other two sites, as noted by comparing the map of Fig. [8e|with those of Figures[S8a]and [8c|
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Table 10: Operational parameters of different PRC set-ups and AEP losses for rotor speed curtailment at North Sea site.

PRC set-up Parey Life [yr] Time Operational [%] PRC Enabled [%] (AEP loss)curt [%]

no PRC - 0.79 92.4 - -
Dus 1.02 1.6 92.4 3.6 0.89
R(IMERG) 0.80 1.6 92.4 3.6 0.89
Ideal (Best) - 1.6 92.4 3.3 0.87

Also at the NS site, the ideal PRC set-up yields the smallest AEP loss (0.87%, results in last row of Tab.[I0), which
confirms the effectiveness of Algorithm A.

The PRC assessment of the NS site may be affected by larger uncertainty than that of the other two sites, since
the agreement between IMERG data and ground-based rain gauge measurements is geographical area-dependent, and
the numerical values of the processed IMERG data depend on availability and reliability of ground-based gauge mea-
surements for bias correction [41]]. The IMERG predictions are often found to agree with ground-based observations
at North Sea latitudes, where rain is not predominantly convective [42]. Conversely, the relatively coarse 30-min time
resolution and 10 Km x 10 Km space resolution of IMERG make it harder to predict local precipitation at site where
the rain is predominantly convective, due to the high space and time variability of this precipitation type. In line with
this, the sensitivity analyses of highlight better agreement of the PRC analyses based on IMERG and LPM
rain data at Lancaster than at Lampedusa. Since the North Sea area is not dominated by convective rain, an acceptable
quality of the IMERG data and reliability of the PRC analyses using these data is expected. A conclusive statement on
this, however, will require surface-based precipitation data for further validation.

The PRC analyses above are computationally inexpensive: for the Lancaster site, Algorithm A performs 20 LEE
analyses over the reference period (further detail in Tab. [C.I)). As the wall-clock time of one LEE analysis on one core

of a XEON e3-1225 v3 4-core processor is about 6 sec, the runtime of the PRC analysis is 2 min.

3.5. Trade-offs of AEP losses due to LEE and rotor speed curtailment

Assessing the economic viability of PRC requires evaluating the net balance of AEP losses including losses for
LEE and losses for rotor speed curtailment with and without PRC. Table |1 1| summarizes this analysis for the three
sites. The reported mean total AEP loss is calculated over three years. In the cases without PRC, it is assumed that
the AEP loss for moderate LEE (Tab. [6) starts at the end of the incubation period (determined in Subsection [3.2)) and
continues for one year. Thereafter, the AEP loss for severe erosion (Tab. @ starts and lasts until the end of the third
year. The sum of these losses is averaged over three years. In the case with PRC, the AEP loss for moderate LEE starts
at the end of the delayed incubation period, and the rest of the AEP losses for LEE is accounted for as before. The AEP
loss count includes also losses for rotor speed curtailment (Tables[8] [0]and[I0). The last row of Tab. [IT]also reports the
LE erosion-free life, taken to be the end of the incubation period with or without PRC.

At Lancaster, the mean AEP loss with PRC is marginally smaller than that with standard operation, but the LE life

is doubled, increasing from one to two years. Thus, the maintenance frequency reduction is a net benefit for LCOE
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reduction. At Lampedusa, a very small AEP loss of 0.07% for rotor curtailment yields erosion-free operation over
the entire WT lifetime, also contributing a net LCOE benefit for eliminating the need for blade surface maintenance.
At the NS site, instead, the mean AEP loss with PRC is larger than that in standard operation, although with a LE
life extension of 0.75 years. A conclusive answer on the PRC economic viability for this site type requires detailed

long-term cost analyses.

Lancaster Lampedusa North Sea
PRC noPRC | PRC noPRC | PRC noPRC
Mean total AEP loss [%] | 1.29 1.37 0.07 - 1.42 0.88
Erosion-free life [yr] 2.0 1.0 27.5 13.8 1.5 0.75

Table 11: Mean total AEP losses at three sites over three years.

4. Conclusions

This study has presented a comprehensive comparative assessment of the potential of the WT PRC technology
to mitigate blade LEE at one onshore (Lancaster) and two offshore (Lampedusa and NS) wind farm sites in Western
Europe, while minimizing AEP losses for LEE and rotor speed curtailment. The site climate-dependent performance
of this new technology has thus been analyzed. AEP losses due to both LEE and rotor speed curtailment have been
estimated, and their trade-offs have been investigated for a preliminary assessment of the site-dependent viability of
PRC. The IEA Wind 15 MW WT has been used in all LEE and PRC investigations, covering a reference period of one
year. Time-series of wind speed measured with cup, sonic or LIDAR anemometers and DSD and rainfall rate measured
by disdrometers or satellite systems have been used.

The reported analyses highlight that the PRC effectiveness varies notably with the site climate. It decreases with
the total annual precipitation and its percentage at high wind speeds. At Lancaster, the three-year mean AEP loss due to
LEE with standard operation is 1.37%. That with PRC, including both the loss due to speed curtailment and that due to
LEE, is slightly reduced, but the erosion-free LE life is doubled, achieving two years. The saving in blade maintenance
is a net positive contribution to reduced LCOE. At Lampedusa, PRC enables achieving 25+ years of erosion-free
operation at the expense of a small 0.07% AEP loss for rotor speed curtailment. At the NS site, the three-year mean
AEP loss due to LEE with standard operation is 0.88%. That with PRC, however, is larger, and the LE durability is
increased by 0.75 years. Estimating the net effect of PRC on the mean LCOE for this site requires long-term cost
analyses.

The evaluation of the PRC effectiveness based on the trade-off analysis of AEP losses for LEE and speed curtail-
ment is conservative, because newer LEP materials are likely to increase the durability of the LE, and AEP losses due
to WT downtime for blade repair are not considered. Both circumstances reduce the multi-year mean overall AEP loss
with PRC. It is also noted that comparable PRC-enabled LE life extensions have a larger impact on LCOE offshore

than onshore, due to notably larger O&M costs in the former environment. The AEP loss trade-off analyses herein,

26



O 0 9 N B~ WD =

O e e ey Sy
AN W A WD = O

17

18
19
20
21
22
23
24
25
26
27
28
29
30

31

32
33

based on accurate measured climatic conditions and computed WT performance with different LEE states, provide a
comprehensive reference to inform real-world PRC deployment.

An investigation into best suited rainfall parameters for steering PRC has concluded, surprisingly, that the mass-
weighted mean diameter Dy, based on the Best DSD evaluated with measured rainfall rates enables PRC to achieve
a given LE life extension with lower AEP loss for speed curtailment with respect to when Dy, is computed using
measured DSDs. This is due to the poor correlation between rainfall rate and mass-weighted diameters based on
disdrometric measurements. It has been found that the effectiveness of PRC also depends on the measurement fre-
quency of rain data, particularly at sites with rapid variations of the rainfall rate, with the effectiveness increasing as
the frequency increases. The report also provides prototype algorithms to estimate the performance and maximum the-
oretical efficiency of other candidate rain metrics to steer PRC, tools that will aid further work leading to the real-world
deployment of PRC.

The PRC analyses herein focused on rain erosion. However, blade damage can also arise due to hail and other
airborne particles. Seawater aerosols have been recently shown to contribute notably to LEE at coastal sites [7]]; the
importance of this agent for the offshore industry is prompting its investigation [43]]. PRC and other WT adaptive
control strategies will enable accounting for this and other LEE contributors as soon as reliable and computationally

affordable modeling capabilities of the associated erosion mechanisms will become available.
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Appendix A. Material properties of the LE coating used in this study

The LEP selected for the analyses of this study is a polyurethane material, namely a 3M liquid coating. The
material properties of this LEP system, determined using WARET data and the DNV GL recommended practice [44],
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are reported below. Their derivation is presented in [27]. The symbols used below are the same used to define the
WARET data-based material properties of LE coatings proposed in [25]], standardized in [44] and used in the study
of [20]. These reports describe thoroughly the methodology based on the WARET approach to perform the LEE
assessment of real-world WTs subjected to general wind and rain climates. When using this method, some intrinsic
material properties known from conventional static measurements (e.g. material density and ultimate strength) are
combined with WARET data to determine the erosion strength metrics needed to assess the durability of WTs operating
in real-world conditions. The approach relies on correcting some parameters of Springer’s model [26] by means of
Ve — N, curves determined from WARET data. Suitable standardized statistical data processing is adopted to obtain the
aforementioned corrections. As explained in Section [2.2] for given droplet impact speed V., the variable N, provides
the number of impacts per unit surface of droplets of given diameter leading to the end of the incubation period. The
linear variation of V, along each of the three swirling arms and the use of inspections at different times of the test
enable the construction of the complete V, — N, curve. The materials involved in the WARET are the LE coating
(properties indicated by subscript ¢ below), the LE substrate (properties indicated by subscript s below) and liquid
water (properties indicated by subscript L below). The material properties known before the WARET are reported in
Tab.[A.T] where the impedance Z is given by Z = pC.

Table A.1: Coating, substrate and water droplet material properties.

Parameters Coating Substrate Water

Density [kg/m?®] [ 1100 Ds 1560 PL 1000
Speed of sound [m/s] C, 1900 C; 2098 Cr 1480
Acoustic impedance [kg/(mzs)] Z. 2090000 Zs 3272880 Zr 1480000
Coating thickness [m] he 0.000175

The considered WARET campaign used a single droplet diameter of 2.25 mm. In order to use the erosion analysis
method of [25]], the slope m of the V, — N, curve determined from the WARET data is needed. After selecting a point
of the V, — N, curve, here denoted by ((Ve)ir, (Ne) i), the following parameters, needed for general LEE analysis
in real-world conditions, can also be determined: modified LEP erosion strength S, accounting for additional stress
reflections in coating and substrate, equivalent raw erosion strength S. of LEP corresponding to droplet diameter of the
WARET, and average stress 0y in the coating. The values of these parameters, corresponding to (V,) siy=134 m/s and

(Ne) £ir=234.6057 impacts/mm? are reported in Tab.

Table A.2: Values of erosion strength parameters and exponent m for d=2.25 mm based on WARET.

S, [GPa] S, [GPa] (L) m

00

1.7021 24248  12.5634 7.41
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Appendix B. Verification of wind and rain records

To verify the reliability of the wind speed time-series used for the LEE and PRC analyses at the three sites, the
associated wind speed frequency occurrence has been compared with that of the corresponding ERAS time-series.
Since the output frequency of the ERAS reanalysis is 1 hr, a mean hourly wind speed for each set of six consecutive
10-min intervals for the Lancaster and NS sites, and 60 consecutive 1-min intervals for Lampedusa. These averages
are then extrapolated at 150 m using the ERAS5-based y exponent of the power law. The comparison is reported in the
left plots of Fig.[B.1] which show that very good agreement is observed for all three sites.

At the Lancaster and Lampedusa sites, the Thies Clima’™ LPM, which has horizontal area of capture A of 45.6 -
10"* m?, measures the droplet diameters in 22 classes from 0.125 mm, and the droplet terminal velocities in 20 classes
from 0.0 m/s [31]]. The measured DSD Ny (D) for each 1-min interval is computed with:

- 1 Ai’l,’
~ Av(D)At AD;

Nu (D) B.1)

where D;, AD; and An; are, respectively, the mean diameter, the width and the droplet number of the ith droplet class,
v¢(D) is the terminal velocity of the droplets of the i"" class, and Ar=60 s. In Eq. all diameters are in mm, A is
in m?, v, is in m/s and Ny has units [mm™'m>]. Due to uncertainty affecting disdrometric measures of v; [45]], the
measured 1-min droplet size and velocity data have been filtered before computing the Ny, DSD. The filter [46] uses

the empirical relationship between D and v; [47]:
vi(D) =9.65—10.3¢ 6P (B.2)

where D is in mm and v, is in m/s. Droplets of diameter D with measured velocity above or below 50% of the v, value
given by Eq. (B.2) are filtered out. The value of v, in Eq. (B.I) is also determined with Eq. (B.Z). The filtered LPM

data have been also used to calculate the R value for each 1-min measurement using the relation:

3.6-1073 22
R="——""Y AnV; (B.3)
AAt 1:21 o

with Az in [s], A in [m?] and R in [mm/hr]. The symbol V; denotes the volume of the drop with diameter D; in [mm].

The R time-series at the Lancaster and Lampedusa site, have been calculated also with the 10-min rainfall records a
tipping bucket rain gauge (ARG100, Campbell Scientific at Lancaster and Vaisala RG13 at Lampedusa). The R occur-
rence frequencies for the Lancaster site based on the LPM and tipping bucket data, both aggregated on hourly intervals,
are in very good agreement, as seen in Fig. Figure [B.1d| presents a similar comparison for the Lampedusa site.
The agreement of the two curves is very good up to R ~ 3 mm/hr. For 3 < R < 4 mm/hr, some discrepancies are noted,
but the number of rain occurrence in this interval is rather low. These data highlight good reliability of the disdrometric
data for the LEE and PRC analyses of this study.

The IMERG R occurrence analysis for the NS site, using 30-min records, is reported in Fig. Interestingly, the

number of precipitation events with high R values (above 4.0 mm/hr) is larger than for the other two sites.
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Figure B.1: Left plots: comparison of wind speed occurrence frequency at three sites using anemometric and ERAS time-series (anemometric
data aggregated in hourly intervals). Top and middle right plots: comparison of R occurrence frequency at Lancaster and Lampedusa sites using

disdrometric and tipping bucket time-series (both data aggregated in hourly intervals). Bottom right plot: R occurrence frequency at North Sea site

based on IMERG time-series (30-min resolution).
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Figure B.2: Normalized mean bias at Lancaster and Lampedusa sites.

The outcome of the Dy-based droplet size analyses reported in Fig. [] can be better explained by considering the

Normalized Mean Bias (NMB). For each of the classes D; of droplet diameter, NMB is given by:

NB, — Zr (N8P = (N (D), B4

Yo (Nu (D))

where ¢ denotes the counter of the 1-min intervals with a precipitation, &, is the total number of these intervals, and

Ny (D;) and Ng(D;) denote, respectively, measured and Best DSD values of the " interval. The three NMB curves in
the two plots of Fig. refer to small- (D <1 mm), medium- (1< D <3) mm, and large-size (D >3 mm) droplets;
each curve reports the mean values of NMB for the R classes on the horizontal axis. For each 1-min interval, the Best
DSD is evaluated using the measured R value. The reported NMB curves have been generated discarding disdrometric
readings with R < 0.1 mm/hr and the first D class, corresponding to 0.125 < D < 0.250, for all R values. This has
been done to avoid the inaccuracy affecting disdrometric readings of very small droplet sizes. Figure highlights
that the Best DSD significantly underestimates the amount of small droplets at all R levels at Lancaster. The amount
of medium-sized droplets is instead overestimated for R < 20 mm/hr. The overprediction of this droplet size levels
is often reported in the literature. It is also noted that the Best DSD also underpredicts the amount of large droplets,
although the disdrometric records in this range may be less reliable than those for the medium-sized particles.

At Lampedusa (Fig. [B.2b)), the Best DSD predictions for small and medium-sized particles are closer to the mea-
surements. This may be due to the different types of precipitation at the Lancaster and Lampedusa sites. At Lampedusa,

more convective rain is expected, a precipitation type featuring relatively large droplet diameters.

Appendix C. PRC algorithms and sensitivity analyses

Algorithm A below determines the value of the mass-weighted mean diameter Dy ¢,r; above which, for V >V, =
9 m/s, rotor speed curtailing is applied. The logical array PRCoy has length M;, and its entries are set to true for all
10-min intervals with Dy > Dy cyrs and V > V., turning on PRC. Algorithm A finds the value of Dy ¢+ halving the
total damage incurred without PRC. To this aim, the Secant method is used, with iterative step:

Xn —Xn—1

FCn) = fxn1) (C.1)

Xn+1 = Xn _f(xn)
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In the pseudo-code below, X = Dy curr and f(x) = F = DST,‘%R — TDW (Nps, Das curt, Veurr ). Function TDW determines
the entries of the logical array PRCpy with function PRC_SWITCH, and then calls function TDam to get the total
LEE damage accounting for PRC. The target total LEE damage DST”%R is half the damage computed by function TDam
without PRC, and the latter value is obtained by calling TDW with an unrealistically high value Dy ¢,y = 10 mm.
Eq. @ corresponds to the calculation of Dj;"., ., in the pseudo-code, with subscripts n+ 1, n and n — 1 replaced by
superscripts new, 1 and 0. The convergence tolerance parameter ADjy ,;, for the analyses of Tables E] and [10]is set
to 1074,

Algorithm B below determines the minimum theoretical AEP loss for given LE life extension and a single level of
rotor speed curtailment, independently of the PRC activation parameter. In this method, speed curtailment is driven
directly by the fractional damage D/, and the method is only a benchmark for Algorithm A. Routine PDam determines
the partial (i.e. fractional) damage array without PRC (D.)N°PRC for the M; 10-min intervals with rain. Then, for
V > Vi, function PRC_SCALE divides each entry of (D/)¥°PRC by the corresponding difference between the power
PNOPRC i standard operation and the power PPRC with PRC. Since this difference is very small between V,,,; and
about 10 m/s, reaches its maximum at the rated wind speed of 11 m/s and remains at this level until cut-out, the scaled
damage (D’s){\i ‘1’5 :EJC between V,,;; and the nominal wind speed is increased notably with respect to that at V. > 11 m/s.

Thereafter, the array (D})¥°/'RC is sorted in order of decreasing values, storing the indices of the sorted array in the
integer array IDXj,,+.4. Finally, PRC is applied to a progressively larger subset of the M; intervals, starting from those
with largest scaled damage. The damage scaling enables curtailing first the operation intervals with standard power
output below the rated value, yielding reduced power loss for speed curtailing and minimizing the overall AEP loss.
The algorithm stops when the subset to which PRC is applied enables meeting the target life extension.

In both algorithms, the time in which PRC is active is computed from the final estimate of array PRCop, multiplying
by 10 minutes the sum of the entries set to true. Both algorithms also read in the power curves with and without PRC
reported in Fig. 3] The AEP loss for speed curtailment is computed taking the difference of the AEP without and with
PRC. Both values are computed using the V time-series (also read in), adding up the energy produced in each 10-min
interval: the AEP without PRC is determined with the entire PRCoy array set to false, and that with PRC is determined
using the final values of array PRCoy. These details are omitted in the pseudo-codes for brevity.

Table [C.T] presents a study of the sensitivity of the physical output and the numerical performance of Algorithm
A to the magnitude of ADy ni,. The analysis refers to the Lancaster site and Dy g-based PRC. The computed PRC
activation threshold Dy s and the AEP loss for speed curtailment are found to be independent of the magnitude of
ADpg min if this parameter is smaller than about 6- 1073; 10 to 20 calls to TDW, the core analysis function of Algorithm
A, are needed for convergence.

The sensitivity of the PRC performance to the time-step of the rain data is analyzed in Tables and which
refer to the Lancaster and Lampedusa sites, respectively. The analyses refer to Dy g-based rotor speed curtailment. The
LEE and PRC analyses use a 10-min time-step in all cases, with the site-specific wind speed time-series. When using
a 30-min step for the rain data, the measured disdrometric data over three consecutive 10-min interval, needed for the

LEE analysis of function TDW, are obtained by averaging the disdrometric data of the corresponding three consecutive
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Algorithm A. Dy-based PRC
Vewrt =95 ADppmin =107% n=1; nya = 100:
DI4R = 0.5 x TDW Ny, 10°, Veurt);

DY e =0.1; FO=DI4® —TDW (Nys, DY s> Veurt)

1 . 1 1
DM7curt:4’ F :DsTI;"R _TDW(NMvDM7curt7VCWl)

Algorithm B. D/-based PRC (Ideal PRC)
PRCoy = false; DY9"® = TDam(Ny, PRCow);
(D.YNOPRC — PDam(Ny);

. 1 0 .
while ‘DM,curt - DM,CMVZ“ < ADMJ’”” do

D;llle,vgurt:Dllw,curt_Fl(Dllld,curt_Dgl,curt)/(Fl_FO)

Veurr = 9;
_ TAR ,
W B (DL)NOPRC — .
if F'® =0 — n=ny then s)scaled
break PRC,SCALE((D{Y)N(’PRC’ chn,PN()PRC _ PPRC);
rea
end if [, IDXor1eq) = sort((D,)NOPRC);

Meyrs = 0

DE\)/I — Dllld . FO — Fl .
curt R 1° >
while M, < M; do

Dlll/Lcurt — prew . Fl _ Fnew; n=n+1

M ,curt>
. My = Moy + 1,
end while

%

FUNCTION Dy 1 = TDW(Npr, Dt curt s Veurt)
PRCoy = PRC_SWITCH(Dpy curt Veurt):
Dy = TDam(Ny, PRCon );

for i=1:M_,,; do
Tpre = IDXgorted (i)
PRCon(Jprc) = true;
end for

DPRC = TDam(Ny, PRCon);

%
if DPRC = 0.5 x DN9PRC then
FUNCTION PRCoyn = PRC_SWITCH(D, curt s Veurt) ' ’
break
for i=1:M; do
end if
Calculate Dy (i) using Ny (i); PRCop(i) = false
end while

if DM(i) > DM7curr &V > V., then
PRCON(I) = true
end if

end for

10-min intervals of LPM measurements. The rainfall rate of the three 10-min intervals is obtained by averaging that
measured by the LPM. At both sites, the performance of PRC worsens at the measuring interval of rain data increases,
particularly at sites like Lampedusa, characterized by faster R variations.

Tab. [C.4] reports the results of the PRC analysis for the Lancaster and Lampedusa sites using the IMERG R time-
series and Best DSDs based on IMERG’s R values. Since the time-resolution of IMERG is 30 minutes, the R value
of three consecutive 10-min intervals in the PRC analyses have been set equal to the value of the corresponding 30-
min IMERG interval. These results highlight a fairly good agreement between the IMERG-based PRC analysis and the
LPM-based PRC analyses (Tab.[C.2)) for Lancaster, but substantial differences are found with respect to the LPM-based
PRC analysis for Lampedusa (Tab.[C.3). This is because IMERG significantly overestimates the precipitation level at
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1 Lampedusa with respect to LPM measurements.

Table C.1: Sensitivity analysis of output and numerical performance of Algorithm A to magnitude of convergence tolerance parameter ADps iy

Results refer to Lancaster site and Dy, g-based PRC.

ADpy min [mm] Dy ey [mm]  Life [yr]  (AEP loss)curt [%] # TDW calls

1074 1.0149 1.9924 0.8336 20
8-10~* 1.0148 1.9938 0.8349 15
6.4-1073 1.0188 1.9821 0.8245 10
5.12-1072 1.0000 2.0372 0.8732 5
0.1 1.0000 1.8907 0.7533 4

Table C.2: Sensitivity analysis of output of Algorithms A and B to time-step A7 of wind and rain time-series. Results refer to Lancaster site and

Dy p-based PRC.

At [min] | PRCset-up Dy ey [mm] Life [yr] Time Op. [%] PRC Enabled [%] (AEP loss)curt [%]
no PRC - 1.00 85.1 - -
10 Dy g 1.01 2.00 85.1 29 0.83
Ideal (meas) - 2.00 85.1 2.4 0.71
no PRC - 1.00 85.1 - -
30 Dy p 0.92 2.00 85.1 3.7 1.05
Ideal (meas) - 2.00 85.1 2.7 0.82

Table C.3: Sensitivity analysis of output of Algorithms A and B to time-step Ar of wind and rain time-series. Results refer to Lampedusa site and

Dy p-based PRC.

At [mm] | PRCset-up D curr [mm]  Life [yr] Time Op. [%] PRC Enabled [%] (AEP loss)curt [%]
no PRC - 13.8 87.1 - -
10 Dy g 0.96 27.5 87.1 0.3 0.07
Ideal (meas) - 27.7 87.1 0.2 0.06
no PRC - 14.1 87.1 - -
30 Dy g 0.76 28.2 87.1 0.5 0.14
Ideal (meas) - 28.2 87.1 0.3 0.08
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