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Summary 

This report presents an overview of several scanning lidar applications in wind energy, and it 
reviews different wind measurement techniques used for offshore Power Curve Verification 
(PCV). It summarizes their advantages and disadvantages, and it lists some measurement 
challenges.  
 
Special focus is put on the applicability of a single (sector-scanning) transition-piece based 
scanning lidar on a fixed-bottom (i.e. not floating) wind turbine. We reviewed the current power 
performance measurement standard, IEC 61400-12-1 Ed.2, and highlighted missing aspects, 
deviations, and items that need to be modified or completed, for the use of transition-piece 
scanning lidars. 
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Abbreviations 

AEP: Annual energy production 
D: Rotor diameter 
HWS: Horizontal wind speed 
LOS: Line of sight 
NTF: Nacelle transfer function 
PCV: Power curve verification 
REWS: Rotor equivalent wind speed. 
RSD: Remote sensing devices 
STF: Spinner transfer function. 
TP: Transition piece. 
VAD: Velocity-azimuth display. 
WFR: Wind Field Reconstruction. 
WME: Wind measurement equipment. 
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1. Introduction  

This report reviews current methodologies, best practices or existing guidelines for offshore power 
curve testing, with a special focus on the applicability of a single (sector-scanning) transition-piece 
based scanning lidar on a fixed-bottom (i.e. not floating) wind turbine.  
 
We will highlight areas that could be completed, modified, or adapted for the use of transition-
piece scanning lidars, and areas of non-compliance. 
 
Our goal is to identify the gaps in current measurement practices and standards, and to try to 
answer the question of “why are scanning lidars not more commonly used for power performance 
applications?”. 
 
We also include a short overview of current and potential scanning lidar applications in (primarily 
but not exclusively) offshore wind energy, not limited to power performance. Here, our intention 
was not to collect all existing literature references, but to present a selection of representative 
examples. 
 

2. Status of lidars in wind energy 

Lidars are widely used in wind energy nowadays. Their main application areas are site 
assessment, power performance testing, turbine control, and characterization of complex flows. 
Lidars can be grouped in three very general categories: ground-based, nacelle-based or floating; 
each responds to different industry needs. For example, using floating or nacelle-based lidars for 
offshore wind measurements provides huge economic savings, compared to traditional mast-
mounted anemometry on a fixed-bottom structure. The level of industry acceptance and method 
integration is different, depending on the application and the lidar type.  
 
In recent years, ground-based lidars reached the same standardization status as traditional 
anemometry, due to their introduction in the International Electrotechnical Commission (IEC) 
measurement standards. Other lidar types are at different stages in the process of becoming part 
of standards; we will present this in more detail in section 4.2. Nevertheless, reaching 
standardization level is a very long process. On the one hand, making a standard takes several 
years (a minimum of three, which is considered a “fast track” in IEC context) because a standard 
requires a high level of consensus in a usually big group of international committees. Moreover, 
starting or revising a standard requires a previous widespread level of industry experience and 
acceptance on the methods or instruments dealt with.  To achieve that, efforts by various groups 
are needed.  In particular, IEA Wind Task 32 (“Wind lidar systems for wind energy deployment”) 
[1] played a decisive role in the adoption of lidars in wind energy. Over a decade, Task 32 
prepared several recommended practices and expert reports. More recently, in 2019, the 
Consortium for Advancement of Remote Sensing (CFARS) [2] was created, also aiming at 
increasing industry involvement and acceptance of Remote Sensing Devices (RSD). 
 



 
 

8 Literature Review: Scanning Lidar For Wind Turbine Power Performance Testing 

A very complete review by IEA Wind Task 32 [3] identifies: a) the barriers to the deployment of 
wind lidars in different application areas; b) the steps that were (or could be) taken to mitigate 
them; and  c) future challenges.   In this chapter, we will give a brief summary of this  work. It is 
not specific to scanning lidars, nor do scanning lidars have a central role. However, this serves to 
describe the technological and technocratic environment in which scanning lidars will be 
operating. We will explore scanning lidar applications (especially power performance), 
achievements and challenges in the following chapters of this report. 
 
Regarding the use of lidars in site assessment, Task 32 review distinguishes between two 
applications: 

• Onshore, for which Best Practices for vertical wind profilers in simple terrain exist.  
• Offshore: lidars on platforms (no specific reference to scanning lidars) and floating 

structures (vertical wind profiler lidars).  
The paper refers to lidar calibration methods in general (without specifying any given lidar type), 
and it identifies lidar calibration uncertainty as one barrier to the adoption of lidars. In particular, 
it indicates the need to reduce lidar calibration uncertainties to increase industry acceptance. 
 
Concerning power performance, two main lidar types or installation modes are considered:  

• “Ground-based” lidars. This includes vertical wind profiling lidars and scanning lidars on 
the ground or on a stable platform onshore, and offshore on a met mast platform or a 
turbine transition piece. The main barriers identified were: 

o Again, the need to reduce lidar uncertainty. 
o The application to complex terrain. 

• “Nacelle-based” lidars. The suggested barriers to their acceptance are those of ground-
based lidars, and additionally the need for a common framework for wind field 
reconstruction and calibration and classification methods. These are at present handled 
by the ongoing preparation of and IEC standard dedicated to nacelle lidar measurements 
(see 4.2.2). 

 
Why is lidar uncertainty such a consistent barrier to lidar acceptance?  In principle, the accuracy 
of the measured speed depends only on the laser wavelength and backscatter sampling 
frequency accuracies, both of which are highly precise. In practice however, we are still obliged 
to use a comparison with a cup anemometer as the basis for the uncertainty estimation (more on 
this in Section 4.3.2) and we are thus limited by the relatively high uncertainty of cup 
anemometers. For most, if not all lidar calibration schemes, the achievable lidar calibration 
uncertainty is slightly higher than that of the reference anemometer.   
 
There are two fundamentally different approaches to by-pass this uncertainty bottleneck . One is 
to replace the reference cup anemometer by something a lot more accurate [4]. Here another 
lidar is a clear possibility, but not one that has been calibrated using a cup anemometer. A recent 
paper [5] demonstrated a method for short range lidar calibration using a flywheel. This can 
achieve a calibration accuracy about a decade better than a cup anemometer. DTU are now 
pursuing a project to implement a lidar calibration method for (firstly) nacelle lidars that uses such 
flywheel calibrated lidars. 
 
A second approach to obviating the cup anemometer is to capitalise on the high accuracy of the 
system components (laser wavelength and sampling frequency) but the challenge remains to 
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demonstrate unequivocally that the necessary algorithms are correctly implemented (the reason 
we are forced to make comparisons to other reference instruments).  
 
 

3. Scanning lidar applications in wind energy 

Scanning lidars are very versatile instruments. One of their significant advantages is an ability to 
have multiple roles. A scanning lidar acquired for power performance duties can later be used for 
a variety of other tasks.  The purpose of this section is to give a brief overview of the applications 
within wind energy where long range scanning lidars can provide valuable measurement data. It 
is not intended to be an exhaustive review. For the sake of brevity when we refer to scanning 
lidars we implicitly mean long-range pulsed scanning lidars (i.e. not short-range CW scanning 
lidars) unless explicitly stated. 
 
3.1 Operational wind resource assessment 
 
3.1.1 Flat terrain onshore 
 
Most, if not all long-range scanning lidars can be programmed to perform standard trajectories 
including so-called “Doppler Beam Swinging” (DBS). DBS is the trajectory performed by (pulsed) 
profiling lidars. It entails shooting at a given opening angle from the vertical (usually 30 degrees) 
in each of the four compass directions, often supplemented by a fifth measurement vertically. 
Thus a scanning lidar can ‘simulate’ a simpler profiling lidar and can perform similar task, notably 
resource assessment and power curve verification. Scanning lidars have not yet been 
manufactured in dedicated marine versions so employment on floating platforms is of course not 
realistic. 
 
3.1.2 Near-coastal 
 
Scanning lidars can be usefully employed in determining the wind resource together with the local 
flow gradients for proposed near-coastal (< 8km from shore) wind farms. Here, single lidars 
performing sector-scanning or pairs of lidars performing dual-Doppler wind field reconstruction, 
can be deployed on-shore at the coast. Using the multiple range capability of the lidars, wind 
speeds and directions can be determined from close to the coast out to the limit range of the lidar. 
Such information would rarely be used alone (long campaigns of this type would be extremely 
expensive) but would in particular provide some verification of the coastal gradients models that 
would be an important component of the resource assessment. The Rune experiment [6] used 
both of these wind speed reconstruction techniques and provides a good starting point for 
investigating this methodology.  
 
On-shore sites with significant (e.g. coastal) gradients could also be investigated using these 
techniques. Because of locally in-homogeneous flow, on-shore complex sites require dedicated 
dual-Doppler techniques that are illustrated in the following section. 
 
3.1.3 Complex terrain 
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Although outside the scope of the OWA, many developers have or intend to install assets in 
complex terrain. In contrast to offshore and flat terrain, the flow is often significantly 
inhomogeneous and this violates the assumptions behind most standard flow reconstruction 
methods. Using standard lidar wind profilers (or scanning lidars simulating this role) errors will 
arise as the flow complexity increases (the main culprit being changes in flow inclination). There 
are CFD correction methodologies available but the measurement uncertainty will still be 
significantly higher than in flat terrain. 
 
If more than one scanning lidar is available, a different measurement strategy can be adopted 
that utilises the full potential of the scanning lidars. Pairs of scanning lidars are placed strategically 
in the terrain so that the beams can be steered around to a number of potential turbine positions. 
Dual Doppler wind speed reconstruction is used to determine the speeds at the various positions 
thus providing valuable micro-siting information to help reduce overall wind resource uncertainty. 
The ReCast project (multiple references at [7]) has developed this methodology, including tools 
for trajectory planning and subsequent data analysis. 
 
3.2 Flow model validation 
 
Moving more to the realm of research but of major relevance to wind farm developers, we here 
illustrate how scanning lidars can be used to provide datasets that can test and help stretch the 
physical models that form the foundation of our resource and wind farm operation tools.  
 
3.2.1 Blockage and wake models 
 
Wind farms incorporate complicated physics! Obviously, wind turbines generate wakes and when 
these hit other turbines there will be reduced power and increased loads. Wake models are clearly 
an essential component to wind farm planning. Scanning lidars are ideal tools for measuring the 
strength, size and duration of wakes. Both single and multiple lidars can be used. Single lidars 
for example [8] can provide useful descriptive information but cannot strictly distinguish between 
speed and direction changes. More detailed information can be provided by dual-Doppler setups 
such as used recently on the Lillgrund wind farm. Here the two beams allow horizontal wind speed 
and direction to be independently resolved. Scanning lidars can provide excellent wake 
information over ranges of several km. However, their large probe volumes do not permit detailed 
local turbulence measurements to be made.  
 
More recently, it has become apparent that the upstream blockage of a wind farm also plays a 
significant role in determining the available wind resource. Scanning lidars with their ability to 
measure at ranges of up to several km, can provide experimental evidence of this phenomena, 
for example [9]. However, the global blockage effect is usually quite small and the measurement 
uncertainties are often nearly as big due to the need to measure with a near horizontal lidar beam 
placed on a non-rigid platform (e.g. wind turbine transition piece). An ambitious new large scale 
field measurement, the GloBE project, is being planned by a consortium under the umbrella of 
the Carbon Trust (see [10]). GloBE will hopefully provide data that can distinguish between 
different physical hypotheses describing the global blockage effect. Of necessity, much attention 
is being payed to improving scanning lidar measurement uncertainty. These innovations may well 
benefit and inform future power curve verification methodologies using scanning lidars.  
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3.2.2 Complex terrain 
 
For determining the wind resource for wind turbines in complex terrain, the main challenges are 
the veracity of the flow models. Here scanning lidars can play an important role in providing 
experimental data both inside and outside the envelopes of existing flow models. A good example 
of this is the Perdigao experiment [11]. Deliberately placed in challenging terrain (steep double 
hills), this experiment employed a large number of wind scanners to make detailed measurements 
of the flow (e.g. [12]).   
 

 
3.3 Wind Farm Control 
 
As wind farm control becomes more established, there is an increasing need for operational wind 
data to supplement scada data in park control algorithms. A particular duty that benefits from the 
scanning lidar’s ability to measure at several km range is short term forecasting. For example [13] 
shows small but significant improvements over persistence and discusses some practical 
implementations. It seems unlikely that current generations of scanning lidars would be suitable 
for long-term wind farm operation however. 
 
 

4. Scanning lidars for power performance 

4.1 Introduction to PCV methods 
 
Wind turbine power performance verification is a crucial measurement task in wind energy. It 
provides the means for performance monitoring and the basis of energy production guarantees. 
A key element in power performance testing is to measure a wind speed that represents the wind 
that drives the wind turbine. This measured “reference wind speed”, combined with a given annual 
wind speed distribution and measured power, provides an Annual Energy Production (AEP) 
estimate. 
 
Traditionally, that wind speed is measured at hub-height with a cup anemometer mounted on a 
meteorological mast. The mast is usually located several hundred meters in front of the turbine, 
at a distance between two and four times the rotor diameter (D) of the turbine under test. The 
prevailing measurement standard for almost two decades (and still used to date, in some cases) 
is 2005’s IEC 61400-12-1 Ed. 1 [14]. It describes the procedure to obtain a power curve and AEP 
estimates and associated uncertainties, based on hub height wind measurements with a cup 
anemometer at a (recommended) 2.5D distance.  
 
The rapid increase in turbine rotors in the following years evidenced the limitations in that method. 
For instance, the inadequacy (in some cases) of a single hub-height wind measurement to provide 
a suitable representation of the wind driving the turbine. This, in practice, translated into the 
difficulty in reproducing a given turbine power curve in different sites or seasons (which is key to 
comparing turbine performance or enforcing guarantees). And it evidenced the need to account 
for shear, turbulence intensity and other variables in power performance verification methods. 
The study in [15] re-defined the reference wind speed in the power curve to include shear (and 
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potentially veer) across the turbine rotor in a so-called “Rotor Equivalent Wind Speed” (REWS). 
And it showed that this new definition provided more repeatable power curves, which are less 
sensitive to shear, and thus reduced AEP estimates uncertainties due to shear. Similarly, the 
turbulence normalization method developed by [16] improved the comparability of power curves 
in different turbulence conditions.  
 
In 2017, a long-awaited revision of the standard (IEC 61400-12-1 Ed. 2 [17]) introduced major 
changes in many aspects of the power performance measurement procedure, including (but not 
limited to):  

• Inclusion of other wind sensors. Among them “remote sensing devices”, which include 
“ground-based” lidars (vertical wind profilers) and sodars. 

• The requirement to measure shear. 
• A new wind speed definition (introduction of REWS) 
• Power curve or wind speed normalization procedures (turbulence normalization, shear 

normalization, etc). 
• Uncertainty assessment. 

 
It is worth noting that the application of remote sensing devices in power performance verification 
is limited to non-complex terrains (i.e. onshore flat sites or offshore). Nacelle mounted lidars are 
explicitly excluded from this standard scope. Transition piece-mounted scanning lidars are not 
explicitly excluded, and they are considered by many (see [3]) as “ground-based” lidars, since 
they are not nacelle-mounted, nor floating.  
 
 
4.2 Offshore PCV 
 
On modern, offshore turbines, turbine-mounted wind sensors are rapidly replacing the traditional 
(and very expensive, particularly in offshore locations) instrumented meteorological masts for 
power performance. In these turbine-mounted sensors, we can distinguish between: 

a. those that measure the wind very close to the rotor (e.g. nacelle or spinner 
anemometers),  

b. those that can measure at several distances between 2D and 4D upwind from the turbine 
(for example, nacelle mounted lidars). 

 
4.2.1 Nacelle anemometry (close-proximity sensors) 
 
This category includes: 

• Nacelle anemometers. Typically, a sonic or cup anemometer, installed on the nacelle 
roof. 

• Spinner anemometers. This is a three-dimensional ultrasonic instrument installed on a 
wind turbine spinner. It measures wind inflow angles and horizontal wind speed in the 
centre of the turbine rotor [18]).  

 
Since these instruments measure inside the turbine induction zone, they require a correction to 
obtain the “free wind speed”. i.e. a wind speed that, ideally, is not affected by the flow distortion 
caused by the wind turbine. This correction is called Nacelle Transfer Function (NTF), for 
traditional nacelle anemometers; we call it Spinner Transfer Function (STF) for spinner 
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anemometers. The methods to obtain this correction (NTF/STF) and a power curve using nacelle 
or spinner anemometry are described in the standard IEC 61400-12-2 [19]. 
 
Nacelle and spinner anemometers present some advantages with respect to other instruments: 
they are much cheaper, and faster and easier to install (they might even be part of the turbine 
instrumentation from the factory). The main disadvantage is that the AEP estimates have higher 
uncertainties due to the use of a NTF/STF. In the case of nacelle anemometers, the poor 
correlation between measured wind speed and turbine power (due to the wind flow complexity 
around the nacelle) is a significant detriment, compared to spinner anemometers. 
 
These two anemometer types are typically used for turbine and wind farm power performance 
monitoring. However, in recent years efforts have been made [20] to demonstrate spinner 
anemometer capabilities for PCV, and to develop an uncertainty assessment method specific to 
this instrument. These might contribute to a wider spread use in the future.  
 
4.2.2 Nacelle-mounted lidars 
 
The first reported nacelle lidar prototype was part of 2012’s EUDP project “Nacelle lidar for power 
performance measurement”. A relatively simple system, a (fixed-geometry) two-beam pulsed 
lidar, was used in a power curve verification campaign reported in [21].  The first calibration [22] 
and power performance verification [23] methods, specific to this lidar type, were the outcomes. 
In the following years, nacelle lidars quickly began being used for power performance verification 
offshore. Different commercial nacelle lidar types reached the market. Generic nacelle lidar 
calibration and PCV testing methods were subsequently developed [24]. The level of industry 
acceptance became so substantial that the preparation of a new measurement standard (IEC 
61400-50-3 [25]) started in 2017, supported by a wide majority of national committees. Its 
completion is expected in 2021. It will include instructions to obtain nacelle lidar wind 
measurements with (at least) acceptable quality for PCV. It will be a “technology agnostic” 
standard, meaning that the described methods are not lidar-type specific.  
 
4.2.3 Floating lidars 
 
The 2013 OWA “Roadmap for the commercial acceptance of floating lidar technology”  [26] aimed 
at providing consensus and confidence in the use of floating lidars in the offshore wind industry. 
This document defined three technology maturity stages, which are characterized by several 
requisites and Key Performance Indicators: Baseline (stage 1), Pre-commercial (stage 2), and 
Commercial (stage 3). It included, as well, expected levels of measurement uncertainty for 
different maturity stages and scenarios. 
 
The 2018 roadmap update [27] included (in its Appendix 2) a suggested procedure to estimate 
floating lidar measurement uncertainties. However, it did not contain sufficient level of detail for 
its direct application to PCV. Nevertheless, this uncertainty outline was the starting point and one 
of the main aspects in the beginnings of floating lidar standardization work. 
 
The development of a new standard dedicated to floating lidar wind measurements (IEC 61400-
50-4) started in 2020. The timid support from (five) national committees in its creation perhaps 
might be an indication of the still relatively low industry experience with floating lidars at that time, 
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compared to other technologies. Nevertheless, having a small Project Team developing the 
standard seems to have fruitful results so far, and this team expects to have a first Committee 
Draft ready in 2021.  
 
Floating met masts (see [28]) could also be considered, a possible alternative or a complement 
to floating lidars from the technical point of view. But they have not been widely adopted for PCV. 
A combination of a short met mast and lidar (vertical profiler) on a floating platform, for a wind 
resource assessment measurement campaign, was presented in [29]. 
 
4.2.4 Scanning lidars 
 
As mentioned in section 3.1.2, a single lidar performing a sector scan can be used to measure 
the two-dimensional wind vector (horizontal wind speed and wind direction). This wind speed 
retrieval method is based on the concept of SDVR (single-Doppler velocity retrieval), which was 
introduced in [30]. It relies on two assumptions: 1) that the vertical wind speed does not 
significantly contribute to the measured LOS speed (this necessitating low elevation angles be 
used), and 2) that the wind is homogenous in the scanned region. Essentially, the wind speed 
projected along the line-of-sight (LOS) to the lidar’s telescope (i.e. at different azimuth angles) 
are fit to a cosine function of the azimuth angle, to derive the two-component horizontal wind 
vector across each full scan. The procedure is based on the one described in [31] designated 
iVAP (integrated velocity azimuth process). An example dataset, of actual scanning lidar 
measurements, and a Python code notebook implementing this reconstruction approach is 
available in [32]. 
 
The use for PCV of a single transition-piece based scanning lidar on a fixed-bottom (not floating) 
wind turbine will be presented in more detail in the next sections.  
 

• In section 4.3, we will review the applicability of scanning lidars in the context of IEC 
61400-12-1 Ed.2. We will highlight missing aspects, deviations, and items that need to 
be modified or completed, for the use of transition-piece scanning lidars. 
 

• In section 4.4, we will review existing literature on scanning lidars used for power 
performance verification. 

 
4.2.5 The new IEC 61400-12 series structure 
 
In the ongoing re-organization of the IEC 61400-12 standard series (proposal documents 
88/756/DC and 88/779A/INF), separate standard documents will be dedicated to specific wind 
measurement techniques. Each document will provide instructions to obtain wind measurements 
with the highest possible quality, for each given technique. They will include descriptions of the 
calibration, installation, processing and uncertainty assessment methods, among others. These 
documents will provide guidance concerning wind measurements only, and they are meant to 
complement other measurement standards that require wind measurements. A simplified sketch 
of this expected new organization, to the best of our knowledge, is shown in Figure 1. For 
example, the new “-12-1” document will include instructions (among other) to perform power and 
air density measurements, and to calculate AEP estimates and associated uncertainties. But the 
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methods to obtain wind measurements (and associated uncertainties) will be dealt with only in 
the -50 series. 
 

 
Figure 1 – Sketch of the expected IEC series reorganization. Numbering might be subject to 

change. 
 
It should be noted that this re-organization is essentially editorial, and that no technical or 
methodological changes will be introduced with respect to the current -12-1 or -12-2 power 
performance verification methods. 
 
As mentioned earlier, transition piece-mounted scanning lidars are not explicitly excluded, nor 
explicitly included in the current IEC 61400-12-1 Ed.2. Our impression is that, in general, users 
might consider them as “ground-based” lidars by default, since they are not nacelle-mounted, nor 
floating. Thus, unless explicitly clarified in the new standard structure, they might be assumed in 
the scope of -50-2. 
 
4.2.6 Technology comparison 
 
To conclude this overview of wind speed measurement techniques for offshore PCV, we briefly 
summarize their advantages and disadvantages in Table 1. It includes only those that can provide 
wind measurements at 2.5D at hub height (the nacelle anemometry in section 4.2.1 are excluded). 
It does not include fixed-bottom offshore meteorological masts either. Even though they were 
used in the past for offshore PCV, they cannot be considered a financially viable solution 
nowadays, compared to lidars and floating masts. 
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Table 1 Overview of applicable technologies for offshore power performance measurements 

Technology Scanning lidar Nacelle lidar Floating lidar Floating met-mast 
Advantages • Long 

measurement 
ranges 

• Flexible 
measurement 
modes 

• TP 
deployment 
and removal 
is relatively 
simple 

• Low cost to 
purchase and 
maintain. 

• Simple, fixed 
operation 
mode 

• Imminent 
acceptance 
in standards 

• Tracks wind 
(nacelle 
rotation) 

• No turbine 
access 
required 

• Based on 
established 
profiling 
lidar 
methods 

• No turbine 
access required  

• Provides 
traditional point 
measurements 
and lidar wind 
profiles 

Disadvantages • Able to 
measure 
arbitrarily, 
introducing  
uncertainties 

• Complex to 
calibrate, 
install, and 
analyse data 

• Not 
adequately 
integrated in 
PCV 
standards 

• Installation 
procedure 
requires 
nacelle 
access 

• Short 
measurement 
range (some 
products) 

• Requires 
certain 
seabed 
conditions 

• May require 
planning 
permissions 

• Power 
source 
relies on 
self-
generation 

• High cost 
• Large footprint 
• Limited 

commercial 
availability 

• Challenges in 
transport and 
storage 

• Challenges in 
vertical 
alignment of  
wind speed 
instrumentation 
(cup 
anemometers) 

 
As mentioned in previous sections, these techniques have different levels of industry acceptance 
and integration in measurement standards.   
 
Floating lidars and masts could be considered suitable for power performance measurements. 
However, in practice they involve certain technical, planning and financial considerations. They 
are not on a price level equivalent to transition-piece lidars and nacelle lidars. For the time being, 
floating solutions are not commonly used for PCV. 
 
As discussed in section 4.2.2, nacelle lidars developed very quickly and they became the 
predominant wind measurement technique for offshore PCV. But why is that? And what are the 
strengths and weaknesses of nacelle lidars and transition piece scanning lidars nowadays? 
 
Even though both technologies started around a similar time, their beginnings aimed at solving 
different measurement challenges. Most early scanning lidar users were looking into wind 
resource applications or wake model validation, and primarily at a research level. On the other 
hand, the first nacelle lidar targeted power performance verification; and the project where it was 
developed involved private partners with financial stakes on its rapid application.  
 
Another aspect to consider is that scanning lidars are very versatile but complex systems, which 
require highly skilled personnel. This is needed especially during installation, operation and in the 
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data quality control and processing (in particular when complex wind field reconstructions are 
required). In comparison, nacelle lidars are relatively simpler systems, and they are easier to 
install and use. 
 
Concerning the location within the wind turbine, installing a lidar on a transition piece has several 
advantages, compared to nacelle mounting. First, it is a simpler process because it allows for 
easier personnel access and equipment transfer. Another advantage is that the rotor blades will 
not intermittently obstruct the beam, which will translate to a higher data availability in given 
sampling time intervals (i.e. ten minutes). Additionally, since the transition piece tilting due to wind 
loads is significantly lower than the nacelle tilting, the variations in sensing height with respect to 
hub height will be lower for a transition piece lidar. 
 
On the other hand, the drawback of transition piece mounting is that the lidar will be more 
vulnerable to human and animal activity, and large waves. Besides, the lidar being fixed in place 
regardless of the nacelle yaw position has two consequences. Firstly, it will reduce the usable 
inflow sector approximately to 90 degrees around the scan head axis, since the turbine tower will 
block visibility to other sectors. Secondly, a transition piece lidar measures around a given fixed 
point (the arc scan centre is fixed in space). Whereas a nacelle mounted lidar always measures 
the wind directly in front of the wind turbine rotor, since it “tracks” the wind as the nacelle yaw 
position changes, and the measurement sector is determined by the wind directions in which the 
tested turbine and the lidar LOS are free of wakes. This gives a slightly better correlation between 
measured wind speed and turbine power, which is reflected by a lower scatter, or lower statistical 
uncertainty, in the power curve. Nevertheless, this aspect has a negligible impact in the total 
power curve or AEP uncertainty. 
 
Concerning instrument capabilities, the biggest advantage of a scanning lidar is its great versatility 
due to its flexibility in configuration, which makes it suitable for many purposes besides PCV – as 
exemplified in section 3. Paradoxically, this strength is possibly its biggest weakness when it 
comes to standardized power curve testing.  It complicates the traceability and reproducibility of 
measurements, and it reduces our chances to certainly know that the lidar beam is measuring 
where we think it is. We will explore this in more detail in section 4.3. 
 
Another advantage of scanning lidars is that they can measure at much longer distances (e.g. up 
to several kilometres) compared to nacelle lidars. Until recently, commercial nacelle lidars were 
limited to a maximum distance of approximately 400m.  For modern offshore turbine prototypes 
with rotor diameters about 200m it would mean that the lidar measurement range is too short for 
a prescribed measurement at 2.5D, which is 500m. New commercial nacelle lidar versions that 
can measure up to 700m arrived to the market in the second half of 2020. More market launches 
are expected in 2021 with even longer measurement ranges [33]. 
 
A final consideration as to why transition piece scanning lidars are not used more often in PCV 
could be the lack of tailored standardized measurement procedures specific to this instrument.  In 
section 4.3 we will review missing aspects and items that need to be modified or completed for 
the use of transition-piece scanning lidars in standardized PCV. 
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4.2.7 PCV measurement challenges 
 
One of the challenges in nowadays PCV is the increasingly larger sizes of wind turbine rotors, 
which has several implications: 
 

• Regarding the classic requirement to measure wind at a distance 2.5D from the turbine. 
Obviously, the larger the rotor, the higher the required spatial separation between wind 
and power measurements. This translates to a time delay (between the measured wind 
and the wind driving the turbine) that is inversely proportional to the wind speed. Since 
the present power curve method is based on ten-minute averages of measured speed 
and power, the consequence of 2.5D becoming a bigger distance is a decrease in the 
correlation between speed and power measurements.  
 

• Reaching long measurement distances is not a problem for long-range scanning lidars 
(since they can measure up to several km). Increasing the measurement range of future 
generations of nacelle lidars may be possible, technically (f.e. given more powerful optical 
amplifiers). However, for any lidar technology, the challenge arises when an increase in 
measurement distance implies an increase in the spatial separation between 
measurement points with distance. Beyond a certain threshold the wind field 
homogeneity assumed in most lidar wind field reconstructions would not be valid 
anymore. Scanning lidars have the advantage that this could be mitigated, due to the 
flexibility in their scan configuration. For present commercial nacelle lidars the scan 
geometry (angles between LOSs) are fixed and this would be a problem. 
 

• The present method requires wind measurements at least at two heights, to obtain wind 
shear measurements. For large wind turbine rotors and sites where shear is significant it 
would be advisable to measure at more heights, and possibly use a REWS instead of a 
hub height wind speed in the power curve. Most nacelle lidars can measure at least at 
two heights. The advantage of scanning lidars is, again, the possibility to configure what 
and how many measurement heights are included.  

 
Another relevant issue is the wind farm blockage effect. Very simply put, a 2.5D measurement is 
not an accurate representation of the free (of induction effects) wind inflow upstream from a wind 
turbine or a wind farm. As mentioned in section 3.2.1 scanning lidars could be very valuable in 
characterizing the global blockage effect. 
 
An alternative to the classic 2.5D power curve was investigated in the research project UniTTe 
[34]. Nacelle lidar measurements close to the rotor (at distances shorter than 1D) were combined 
with simple induction models to derive free wind speed measurements. In recent years, an IEA32 
initiative has made efforts to collect industry experience in wind field reconstruction using 
induction zone measurements [35], and in its application to complex terrain [36]. 
 
An important limitation in the present 12-1 and 12-2 standard power curve methods (with “2.5D” 
or “close-proximity” measurements, respectively) is that they are restricted to wind direction 
sectors where the tested turbine is free of wakes. Consequently, these methods can neither be 
used to verify one turbine performance in wake conditions (which might be a significant portion of 
a turbine lifetime), nor to verify wind farm performance (where many turbines may be always in 
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wakes). As part of the ongoing EU-funded project LIKE, a PhD project is dedicated to the 
“Characterization of the power performance of a turbine inside a wind farm” [37]. The research 
goal is to investigate: a) the correlation between inflow and power output inside a wind farm; b) 
whether an alternative power curve method could be more reliable inside wind farms. The 
research methods include simulations (CFD and aero elastic codes) and analysis of nacelle-
mounted lidar datasets. 
 
 
4.3 Scanning lidars in the framework of IEC 61400-12-1 
 
In this section we will review IEC 61400-12-1 Ed.2 [17] and highlight missing aspects, deviations, 
and items that need to be modified or completed, for the use of transition-piece scanning lidars. 
Our purpose is not to provide solutions to those items in this report. Our intention is to identify 
what these issues are, in our opinion. They may be dealt with in future work, for example in 
scanning lidar “best practices” or in standardization groups. 
 
A foreword about how the standard is structured. The essential, and compulsory, method 
elements are described in the first ten sections. A collection of nineteen annexes describes in 
more detail normative and informative items. Of these, some apply to any power performance 
test, and others apply to certain cases or describe optional procedures. Annex L, “The application 
of remote sensing technology”, describes the requirements for the operation of remote wind speed 
sensing devices (RSD). In particular, it provides guidance on how to:  classify and verify 
(calibrate), assess measurement uncertainties, monitor and report RSDs used in power 
performance verification. A detailed review of this annex and the wind measurement uncertainty 
assessment in the standard, with focus on floating lidar, was conducted for the OWA in [38]. 
 
In the following sub-sections, the numbers in brackets refer to section numbers in the reference 
standard unless otherwise specified.  
 
4.3.1 Measurement requirements 
 
Location of the measurement equipment (6.3.2). “The wind speed measurement instrumentation 
shall be positioned at a distance from the wind turbine of between 2 and 4 times the rotor diameter 
D of the wind turbine”. A minor issue. There are several requirements regarding wind 
measurement equipment position in the standard. We will not highlight them individually, but use 
this one as an example. It is clear that these requirements were written for meteorological masts 
or remote sensing vertical wind profilers. To adapt these requirements to a transition piece 
scanning lidar one could, for example, replace “wind measurement instrumentation” by “scanning 
volume”. 
 
Measurement sector (6.3.3). “The measurement sector(s) shall exclude directions having 
significant obstacles and other wind turbines, as seen from both the wind turbine under test and 
the wind measurement equipment. […] using the procedure in Annex A”. Annex A would need a 
small adaptation. The wind measurement equipment (WME) is assumed to be at a point in space. 
In the case of a scanning lidar, the measurement is made along a scan trajectory. 
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Wind speed measurement configuration (7.2.1). The allowed measurement configurations only 
consider the use of a remote sensing device together with a meteorological mast. Later, in 
Remote sensing device requirements (7.2.5) it is explained that: “the remote sensing device shall 
be simultaneously compared with a top-mounted anemometer on a meteorological mast at a 
height not less than the minimum of the wind turbine rotor lower tip-height or 40 m”.  
 
Obviously, it wouldn’t make sense to use a 40m meteorological mast offshore only “to monitor the 
performance of the remote sensing device” (L.1). An alternative could be to perform lidar pre- and 
post- calibrations, for example. 
 
The requirement for Hub height wind speed measurement (7.2.7) is fulfilled by a transition piece 
scanning lidar. It might help to have some guidance on recommended scan configurations. For 
example, the field study in [39] showed: 1) a marginal performance increase for a 60° sector scan 
with respect to a 30° sector scan, and 2) an optimal performance for a 38° sector scan. It also 
recommended using a low elevation angle, to reduce wind speed uncertainties due to wind shear 
and vertical wind. 
 
The following would be fulfilled by performing arc scans at different elevation angles: 

• Wind shear measurements (7.2.8) are required and they shall include at least two wind 
speed measurements: at hub height and at a height between H – R and H – 2/3R (where 
H is the turbine hub height and R is half of the rotor diameter). 

• The Rotor equivalent wind speed measurement (7.2.6) is optional. It can be obtained if 
there are wind speed measurements at three or more heights across the wind turbine 
rotor.  

 
 Air density (7.4) shall be derived from air temperature, air pressure and relative humidity 
measurements. There is a requirement to mount the air temperature sensor within 10 m of hub 
height, and a recommendation to mount the air pressure and relative humidity sensors at that 
height too. Guidance is needed on how to do these measurements in the case of a transition-
piece scanning lidar (see for example [19], [25]). 
 
Measuring and reporting turbulence intensity is required: “site turbulence shall be measured and 
presented as a supplement to the power curve”. A note indicates that cup anemometers, remote 
sensing devices and ultrasonic anemometers measure turbulence differently, and that users 
should consider this when interpreting the results. 
 
Assessment of terrain at the test site (Annex B). It is not relevant for most offshore sites (except 
for some nearshore sites). However, for onshore sites this Annex would need adaptations.  The 
WME is assumed to be located at a point in space, not along a scan trajectory. 
 
4.3.2 Calibration 
 
The standard requires a verification of the lidar-derived horizontal wind speed (HWS). This 
“verification” is described as the process of obtaining: a) a transfer function between lidar 
measurements and a reference measurement (from a cup anemometer), and b) associated 
uncertainties. In this context, and for consistency with [40] and other measurement standards, we 
will refer to this process as a “calibration”. 
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The calibration method described in Annex L is referred to as “black box”. By this we mean that 
we do not need to know the details of how the wind reconstruction is made using measurements 
from “intermediate values” such as LOS speeds, LOS position quantities or lidar inclination 
angles. A black box assigns a calibration uncertainty to the “final value”, i.e. the horizontal wind 
speed.  The same applies for the lidar-derived wind direction. 
 
On the other hand, in a “white box” calibration, what one actually calibrates are the intermediate 
values. The individual calibration processes of these values assigns calibration uncertainties to 
each of them. These calibration uncertainties (as well as any calibration corrections) need to be 
translated to final value (i.e. horizontal wind speed) uncertainties. This might be done analytically 
in some cases, or using a Monte-Carlo technique. Guidance on uncertainty propagation and 
combination can be found in [41]. 
 
The black box calibration method in Annex L is straightforward for a commercial vertical wind 
profiler, with a fixed scan pattern, beam geometry, and internal processing settings. The wind field 
reconstruction is fixed, and that means it will be the same during the calibration and the PCV. On 
the other hand, a scanning lidar has almost total freedom in wind field reconstruction. This means 
that, for the calibration to be unequivocally valid, the lidar parameters, trajectories and processing 
software should be the same in the calibration and the PCV. However, due to practical constraints, 
it might not be possible to have a calibration at e.g. the exact measurement range or elevation 
angle used in the power curve. Some guidance is needed on the allowed lidar setting differences 
between calibration and PCV.  
 
The advantage of a black box calibration is its simplicity. By doing a simple comparison between 
lidar-derived wind speed and a reference measurement, one can derive the lidar speed calibration 
and its uncertainty. The issue is that most lidar WFRs require certain assumptions. The most 
common is that of a high degree of wind homogeneity in the sensed volume. Lidar calibrations 
are typically performed in onshore sites, where that assumption might be challenged. This would 
cause a decrease in lidar measurement precision. For the particular case of an offshore PCV 
application, an onshore black box lidar calibration might give results and uncertainties that might 
not be a fair representation of the application (offshore) conditions. 
 
We should mention that for nacelle-mounted lidars, the present IEC 61400-50-3 draft prescribes 
white box calibrations of: LOS speed measurements, lidar beam geometry angles, range and 
inclinometers. In addition, it provides guidance on how to translate those calibration uncertainties 
to final value uncertainty. It might be worth considering whether black box should be the required 
calibration method for scanning lidars. Or whether it should be complemented with, or replaced 
by, a white box calibration. 
 
Last but not least, IEC 61400-12-1 Ed.2 lacks methods to calibrate the following scanning lidar 
values: 

• Tilt and roll inclinometers.   
• Scanning head homing position. 
• Measurement range. 
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Additionally, other values worth checking might be: the soft focus position, the backlash in scan 
head gears, the beam centring or alignment of mirrors, and the following error threshold. 
 
The first two are critical to obtain the beam positioning uncertainties, which are essential to 
assessing the reconstructed horizontal wind speed uncertainty. The present IEC 61400-50-3 draft 
for nacelle-mounted lidars provides an inclinometer calibration method. It is based on a fixed-
geometry two-beam concept, and it requires detecting the positions of two lines of sight. It cannot 
be applied directly to a scanning lidar, but a similar method could be used. 
 
Finally, a measurement range calibration should be required. A range error would translate to a 
sensing height error, since the beam elevation angle is not zero. In the absence of shear, this 
would not be a problem. But, in reality, a range error would lead to shear-dependent wind speed 
errors. A range calibration would allow us to estimate the sensing range accuracy, and to obtain 
an uncertainty value, or a range offset correction if a significant offset is found.  
 
4.3.3 Classification 
 
As we have seen above, a calibration not only provides a transfer function between the test 
instrument and a traceable reference measurement, it also provides us with the basis for an 
uncertainty estimation. However, this uncertainty only strictly applies under the calibration 
conditions. When we move out of the calibration laboratory to where we have different 
environmental conditions (e.g. temperature, humidity or pressure), the instrument will measure 
differently with respect to the calibration. An instrument classification is an attempt to quantify how 
large these unknown errors may be.  
 
For example, there is a well-defined classification process for cup anemometers. This results in 
a class number representing a maximum error (in %) when the cup is operating under a 
predefined range of conditions (e.g. class A for flat terrain or class B for complex terrain). The 
class number can then be used to calculate an “operational uncertainty” component which is 
combined with the calibration uncertainty (and often a mounting uncertainty) to form the final 
uncertainty estimate for a cup operating under given conditions. 
 
The IEC 61400-12-1 standard requires a classification (L.2) to identify and quantify RSD 
sensitivities to meteorological variables at several heights. The justification is that “the 
meteorological conditions during the power curve test may be different from those prevailing 
during the RSD performance verification test, such influences are linked to additional uncertainty”. 
Classification tests aim to identify sensitivities, proportionally linking meteorological variables to 
wind speed errors. The outcome is a “class number”, which is used to calculate a wind speed 
operational uncertainty.  
 
This is similar in concept to that of a cup classification (detailed in Annex I and J), which has been 
used for more than fifteen years (it is in [14] too). However, this process is very different from a 
lidar classification. The main differences are that: 

• cup anemometers are calibrated in wind tunnels, in a very narrow and controlled set of 
“environmental variables” (lidars are in contrast calibrated in the open air with a fairly 
broad and uncontrolled set of “environmental variables”) 
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• a cup anemometer classification combines wind tunnel tests (to quantify anemometer 
characteristics) and modelling (an artificial wind, and the cup response). 

 
Key meteorological variables to which cup anemometers are sensitive to, or that are critical in a 
cup classification, are: temperature, turbulence, wind inflow angle and air density.  
 
On the other hand, lidar calibrations and classifications are based entirely on field tests (described 
in Annex L) using cup anemometers as the reference. The environmental variables usually 
included in a lidar classification include many of the variables to which a cup is sensitive. Annex 
L recommends that “Where the reference cup anemometer exhibits a known sensitivity to an 
environmental variable, an attempt should be made to remove the influence of this sensitivity from 
the sensitivity test. This may be done by any means deemed to be suitable with the requirement 
that the method and results are adequately documented”, but in practice this is impossible 
(otherwise we would do it all the time and thereby significantly reduce the cup uncertainty). The 
cup anemometer uncertainty tells us to expect the cup to deviate from the true value, largely due 
to its operational and mounting uncertainties. It seems then inappropriate to use deviations 
(differences between cup and lidar) that lie within the cup’s standard uncertainty to identify 
sensitivities with the lidar although such practice is sanctioned (or rather is not forbidden) in the 
standard. Applying this restriction would probably remove the vast proportion of the classification 
data basis since most deviations do lie within a standard uncertainty. 
 
Since the lidar calibration occurs in a fairly broad range of conditions it can be argued that a 
classification is unnecessary if the PCV conditions are contained in those of the calibration.  
 
Lidar classification was examined in a lidar uncertainty review conducted for the OWA [38]. One 
important conclusion was that, given the same input data, two skilled teams had extreme difficulty 
in achieving the same classification results. This is due to the complexity of the procedure and 
the significant number of arbitrary choices underway. Having obtained a result, it was 
recommended to use the calculated sensitivities applied to the application operational ranges 
rather than applying the class number which often resulted in large uncertainties. Some years 
later, it cannot be fairly stated that Annex L lidar classification has become accepted “best 
practice”.  
 
What approach should we then adopt for the classification of scanning lidars? Once again, the 
first problem we face is the scanning lidars very flexibility. Even if we had perfect (completely 
insensitive) reference sensors, what scanning configuration should we classify? It is highly 
unlikely that elevation angles, ranges, sector sizes and pulse lengths will remain constant over 
many different applications.   
 
A possible solution is similar to that likely to be adopted for nacelle lidars in IEC 61400-50-3. As 
a starting point, the existing evidence base demonstrates that there are no drastic sensitivities 
that need to be considered (mast comparisons as a rule agree to within the known uncertainties).   
In the presence of such an evidence base, a simple solution is to neglect any operational 
uncertainty (so-called “class 0”).   
 
There however needs to be some quantification of the sensitivity of intermediate variables (LOS 
speed, range, pointing and inclinometer) but care should be taken that this is done using accurate 
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and stable references or else using strong physical arguments (e.g. laser specifications or the 
like). 
 
The second step concerns the sensitivity of the wind field reconstruction (WFR) – basically how 
well do the underlying assumptions hold in different conditions (and even different locations) and 
what are the range of errors likely as a consequence of violation? This is most readily achieved 
using lidar models and simulations where deliberate flow imperfections can be applied in a 
controlled manner.   
 
4.3.4 Operation 
 
Some guidance specific to scanning lidar, regarding installation checks (to verify that the 
installation and settings are correct) and monitoring, may help in obtaining high data quality and 
measurement reproducibility. Here the main issue is, again, that a scanning lidar has complete 
freedom in beam azimuth and elevation. The key is to provide guidance or documentation 
requirements to provide sufficient confidence that the beam measures where it should. For 
example, a procedure to perform and document hard target verification routines. 
 
4.3.5 Reporting requirements 
 
General power curve verification reporting requirements are given in the section Reporting format 
(10). These requirements shall be fulfilled, independently from what measurement technique was 
used to measure wind. It may be advisable to have additional reporting requirements regarding 
scanning lidar installation and monitoring. It would be desirable to have as much evidence as 
possible that the scan trajectory is what is intended to be during the PCV campaign. 
 
Additional reporting requirements, specific to the use of a remote sensing device, are given in 
Reporting (L.7). This requirement should be extended, based on the aspects discussed in 
sections 4.3.3 and 4.3.4 of this report. 
 
 
4.4 Scanning lidar PCV campaigns  
 
In this section we will present a selection of existing literature on scanning lidars used for power 
performance verification. This selection is restricted to cases where a scanning lidar was installed 
on the turbine transition piece and performed at least one arc-scan close to hub height between 
2D and 4D.  Where relevant, we will highlight how the authors tackled some of the issues that we 
identified in the previous section. 
 
4.4.1 Alpha Ventus  
 
One of the earliest publications of power curve measurements using a scanning lidar is the 2013 
campaign in Alpha Ventus [42]. Three Galion G4000 lidars were installed on a turbine – two on 
the nacelle, and one on the transition piece. Demonstrating a PCV methodology using the 
transition piece lidar was one of the research goals. For this purpose, the transition piece lidar 
was configured to perform arc scans at hub height at a distance of 2.5D (see Figure 2), sweeping 
an azimuth angle of 160° in 20° increments per LOS.  



 
 

Literature Review: Scanning Lidar For Wind Turbine Power Performance Testing 25 

 
Figure 2 - Campaign arc scan geometry schematic. Side view. (Image: [42]) 

 
Additionally, the lidar horizontal wind speed measurements were compared with a cup 
anemometer on the FINO1 meteorological mast (at a distance of approximately 1 km). The lidar 
performance was checked previously onshore and reported in [43]; it consisted of wind speed 
and wind direction comparisons with a reference meteorological mast. 
 
The result of this study was a comparison between the power curves obtained from 
meteorological mast and lidar measurements. A difference between the AEPs derived from 
scanning lidar and mast measurements lower than 0.5% was reported. The lidar wind speed 
uncertainty assessment results were presented later in [44], where a ~2% wind speed uncertainty 
was stated for wind speeds between 6m/s and 10m/s. 
 
4.4.2 Greater Gabbard  
 
In 2015’s Greater Gabbard campaign one scanning lidar and one nacelle lidar were installed on 
an offshore wind turbine, to assess their performance for power curve verification. This 
assessment was based on the comparison with IEC-compliant measurements using a 
meteorological mast at a distance 2.5D from the wind turbine under test.  
 
A Windcube 100S was installed on the turbine transition piece platform. It was configured to 
perform sector scans over a 45° angle immediately above the met mast, i.e. close to hub height, 
with a 13° elevation angle. A two-beam Wind Iris lidar was installed on the nacelle (of the same 
wind turbine) and it was also set up to measure close to hub height at 2.5D. The technical report 
[45] describes in detail: 

• The site, the measurement set up and the dataset collected.  
• The lidar-specific filters applied for quality control.  
• Comparisons between lidar and mast power curves, AEPs and uncertainties.  

 
In the following, we will refer to the specifics concerning the scanning lidar, since it is the focus of 
this literature review. The scanning lidar was calibrated in an onshore site before the offshore 
deployment. It consisted of a “black box” wind speed calibration against a reference mast. The 
lidar tilt and roll inclinometers were calibrated too, as well as the measurement range (regarding 
section 4.3.2. of this literature review).  CNR detection checks using variable azimuth and variable 
elevation scans were performed to verify the beam position after installation (4.3.4). 
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The IEC 61400-12-1 methods were applied as closely as possible. The scanning lidar wind speed 
measurement uncertainty was assessed based on: 

• The calibration uncertainties. 
• The sensing height error uncertainty (due to the transition piece platform tilting). 
• The uncertainty in measurement height due to inclinometer uncertainties and scanning 

head elevation angle. 
• The uncertainty in the measurement height due to the uncertainty in the measurement 

range. 
 
The AEP difference with respect to the met mast was less than 0.2% for average annual hub 
height wind speeds greater than 5m/s. The obtained AEP uncertainty was slightly higher than the 
mast-derived AEP, due to calibration uncertainty and measurement height uncertainty. 
 

 
Figure 3 – Abscissa: Power curve uncertainties (red: scanning lidar, dark blue: nacelle lidar, black: 
cup anemometer) and power difference with respect to met-mast power curve (orange: scanning 
lidar, light blue: nacelle lidar). Ordinate: wind speed.  Data normalized to rated power (Prated) and 

rated wind speed (vrated). Source: [45]. 
 
4.4.3 Sheringham Shoal 
 
The 2015-2016 OWA project “Power Curve Validation using lidar” aimed at assessing the 
potential for PCV of transition-piece scanning lidars, nacelle-mounted lidars and floating lidars.   
 
The project conducted a review of several private power curve data sets [46], consisting of: 

• five nacelle lidar datasets (four of them were offshore and included concurrent mast data, 
which allowed validation) 

• two floating lidar datasets (without concurrent mast data) 
• two scanning lidar datasets (without concurrent mast data). 

 
 The scanning lidar datasets correspond to two lidars on different turbines at the offshore wind 
farm Sheringham Shoal. The lidar measurement sectors did not overlap, since they were installed 
at opposite sides of the wind farm. Nevertheless, a difference between the two lidar-derived AEPs 
lower than 0.2% was reported for reference annual hub height wind speeds between 7m/s and 
9m/s. 
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4.4.4 Xinghua Bay 
 
A Seaglet WindPrint S4000 lidar was used in a PCV demonstration project by Mingyang Smart 
Energy Group at Xinghua Bay offshore wind farm, reported in 2019 in [47]. The test campaign 
comprised three stages:  
 

• Lidar pre-calibration (Hengshui wind farm, onshore) against a meteorological mast. The 
lidar was set up in a VAD configuration; i.e. a vertical-axis conical scan pattern, similar to 
some commercial vertical wind profiling lidars. Perhaps to comply with a very literal 
application of IEC 61400-12-1 Ed. 2. 

• Power curve verification. The setup details are not specified, but the lidar seemed to be 
mounted on the turbine transition piece, and configured in an arc-scan measurement with 
seven lines of sight.  

• Lidar post-calibration (Zhangbei wind farm, onshore). Similar set up and results as the 
pre-calibration. 

 
 

5. Conclusions  

We presented a review of different wind measurement techniques used for PCV, primarily (but 
not exclusively) for offshore applications; and we summarized their advantages and 
disadvantages.  The existing lidar types (nacelle-mounted, transition piece scanning lidar and 
floating lidar) have different industry acceptance levels and integration in measurement 
standards.  Nacelle lidars developed very quickly and presently they are the predominant wind 
measurement technique for offshore PCV. To try to answer the question of why that is, and why 
are scanning lidars not more commonly used for power performance applications, we considered 
different aspects. These included: 

• Historical reasons: nacelle lidars were developed for PCV, primarily.  
• Lidar complexity: scanning lidars are very versatile but complex systems, which require 

highly skilled personnel and lots of focus on ensuring correct operation. 
• The practical aspects related to the lidar location in the wind turbine (nacelle or transition 

piece). We considered installation and maintenance aspects as well as measurement 
considerations (e.g. measurement sector size and data availability). We did not find an 
overall advantage of one position versus the other, since both presented advantages 
and disadvantages.  

• Measurement range. This was one of the advantages of long-range scanning lidars, until 
the very recent appearance in the market of “long-range” (i.e. 700m) nacelle lidars.   

• Versatility versus traceability. A scanning lidar’s greatest strength is possibly its greatest 
weakness when it comes to standardized power curve testing. Its (almost) total freedom 
in configuration complicates the traceability and reproducibility of measurements, which 
is key to standard PCV. 

• Lack of tailored standardized measurement procedures specific to transition piece 
scanning lidars. 

We listed some of the measurement challenges in PCV that are not specific to the selected 
instrument to measure wind, but that are related to the method itself. In particular, there are 
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several challenges connected to the “classic” requirement for wind measurements a 2.5D in wake-
free conditions. We discussed the advantages and limitations of scanning and nacelle lidars in 
connection with these challenges, and how scanning lidars might help in getting improved 
experimental evidence and understanding of some issues, like the global wind farm blockage 
effect. 
 
We included a detailed review of the prevailing power performance measurement standard (IEC 
61400-12-1 Ed.2). We identified missing aspects, deviations, and items that need to be modified 
or completed, for the use of transition-piece scanning lidars in the framework of this standard. 
They were grouped in these categories:  

• General measurement requirements. 
• Calibration. 
• Classification. 
• Operation. 
• Reporting requirements. 

 
The possible approaches to resolve those issues were not presented in detail in this report (but 
several suggestions were made). These issues may be dealt with in future work, for example in 
scanning lidar “best practices” or in standardization groups. 
 
A selection of existing literature on transition piece scanning lidars used for power performance 
verification was presented. Some of these test cases demonstrated the performance of scanning 
lidars by comparing the measured power curve and AEP to those of a reference instrument (mast-
mounted cup anemometer or nacelle mounted lidar). In addition, some test cases exemplified 
how the authors tackled some of the issues in the reference standard listed earlier. 
 
Additionally, a brief overview was given of the many applications within wind energy where long 
range scanning lidars can provide valuable measurement data. A scanning lidar acquired for 
power performance duties can later be used for a variety of other tasks. Or the other way around: 
a scanning lidar may be acquired for several tasks, and it would be a plus to use it as well for 
PCV. However the identified issues or gaps in measurement standards need to be addressed. 
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