
 / 33
Chapter 4 / Mapping wind resources and extreme wind: Technical and social aspects

4 Mapping wind resources and extreme  
wind: Technical and social aspects

Xiaoli Guo Larsén,1 Rong Zhu2 and Russell McKenna3,4

1DTU Wind Energy; 2National Climate Centre, CMA; 3DTU Management; 4University of Aberdeen

Introduction
Over the past decade, renewable energy has become an 
important player in global energy and development policy, 
providing 62% of new power generating capacity (IRE-
NA 2020). Wind energy grew from 13% to 24% of global 
renewable energy capacity from 2009 to 2018 (IRENA 
2019). To ensure climate protection and sustainable de-
velopment, the International Renewable Energy Agency 
(IRENA) calculates that renewables, including wind, must 
grow four times faster than this by 2030 (IRENA 2020).  

Supporting political and economic decision-makers 
at all levels requires detailed data on the spatial and 
temporal resolution of wind resources and siting 
conditions. As well as the wind conditions themselves, 
the suitability of local environments for exploiting 
this resource needs to be considered. Against this 
background, this chapter presents an overview of 
methodologies for making assessments of wind 
resources and extreme winds respectively. This is 
accompanied by a general overview and a focus on 
studies applied to China, followed by a consideration 
of knowledge gaps and the outlook for the future. 
Then the non-technical aspects of assessing wind 
resources are presented, again presenting the state 
of the art and identifying gaps in knowledge. Finally, a 
brief summary and outlook for both the technical and 
non-technical aspects is provided. 

Mapping wind resources

Development of methodologies and applications

In general
In the 1970s and 1980s, the development of wind energy 
was rather local and small in scale, mostly occurring in a 
few windy European countries, including Denmark. The 
methodologies for installing wind turbines were mainly 
linked to a number of civil-engineering functions, as in 
the case of buildings, bridges and air pollution etc. One 
essential methodology for assessing wind resources 
has been to use mast measurements in a particular 
area or site. The aim of the European Wind Atlas (EWA) 
was to establish the meteorological basis for assessing 
wind resources in Europe. Along with the publication of 
the EWA (e.g. Troen and Petersen 1989), the wind atlas 
method was developed as a microscale program for 

wind resource assessment, WAsP.1 In making the atlas 
with the aid of this program, some two hundred meteor-
ological stations were used all over Europe. 

The wind-atlas method became a foundation for the 
further development of methodologies, which it still is. It 
helped set a standard for reasonable local measurements 
for planning new wind-farms. This requirement has accel-
erated the latest development of measuring techniques, 
such as remote sensing LIDAR2 (e.g. Mann et al. 2017). At 
the same time, given the rapid expansion of the wind-en-
ergy industry, both farms and turbines are growing in 
rated capacity and physical size, so that it becomes more 
challenging and expensive to collect measurements in 
order to cover both the horizontal and high-altitude wind 
conditions. Accordingly, numerical modelling is assuming 
an increasingly important role in making wind-resource 
assessments. Most peer-reviewed methodologies use 
both measurements and modelling, their respective roles 
varying in different applications. 

Methods with a high level of emphasis on the use of 
measurements also include those using satellite prod-
ucts (e.g. Badger et al. 2016; Hasager et al. 2020). The 
satellite data method is still challenged in some areas by 
sample size, resolution and quality at strong wind speeds.

In both onshore and offshore environments, the main-
stream method is numerical modelling, assisted by 
measurements. Depending on its resolution,3 numerical 
modelling can have grid spacing from hundreds to tens 
to a few km, down to 1 km scales. In line with the atlas 
method, the wind input required for high resolution 
modelling around the turbine site has been calculated 
from coarser modelled data. One such approach is the 
KAMM4/WAsP method (Frank et al. 2001, Badger et 
al. 2014). Wind distributions calculated as classes of 
speed, direction and stability are first prepared using 
long-term, coarse-resolution reanalysis data from 
global circulation models (GCM) with a resolution of 
100 km. These classes of wind are downscaled to the 
mesoscale using KAMM, with a resolution of a few km, 

1   www.wasp.dk

2  Light Detection and Ranging

3  Model grid spacing. A grid spacing of 1 km gives a grid size of 1 km x 1 km.  

4  Karlsruhe Mesoscale Model, a static mesoscale model.
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before they are further downscaled using microscale 
modelling of WAsP with a resolution of tens of meters. 
This method has been used to generate atlases of 
many regions and countries, including Europe, Egypt, 
Finland and part of China, as reported in, for example, 
Mortensen et al. (2006), Badger et al. (2010) and Tam-
melin et al. (2013). With larger and larger computation 
facilities becoming available, the dynamical downscal-
ing of global circulation data to a few kilometres has 
become possible. In the New European Wind Atlas pro-
ject, thirty years of weather data have been downscaled 
using the Weather Research and Forecasting (WRF) 
model down to a resolution of 3 km all over Europe (e.g. 
Hahmann et al. 2020). Wind climate generated from 
this dataset has been used in WAsP to obtain wind-re-
source estimates at resolutions of a few hundred me-
ters.5 Fig. 1 shows a map of mean wind speeds at 100 
m over the globe from the Global Wind Atlas III project, 
which was derived from a chain of models, with winds 
from the ERA56 reanalysis data (approximately 30 km) 
being downscaled to 3 km through WRF modelling and 
further downscaled to 250 m using WAsP software. 

Besides the atlas method, numerical modelling data 
have also been used together with measurements made 
in other ways. The WIND Toolkit from Draxl et al. (2015) 
combines seven-year high resolution (2 km, 5 min) WRF 
model output with site-appropriate turbine power curves 
to estimate the power produced at each of the turbine 
sites in the US. Using limited in-situ measurements to 
‘adjust’ the modelled data constitutes a simplified form 
of site-modelling, with similar aims to microscale model-
ling, except that it is highly empirical. The philosophy is 

5  https://globalwindatlas.info

6  The 5th generation of ECMWF’s atmospheric reanalyses of the global 

climate.

to combine the long-term statistics in the modelled data 
and the site-specific variability in the measurements. In 
Delle Monache et al. (2013), this concept was applied to 
assessments of wind resources. Measurements have 
also been used to assist in designing more cost-effec-
tive long-term simulations. For instance, in Fischereit and 
Larsén (2020), about 180 days of data were collect-
ed based on tens of sites of measurements over the 
southern North Sea that are able to represent thirty-year 
climatological statistics of wind and waves. Thus, the 
computation cost of performing high-resolution calcula-
tions is significantly reduced. The ‘weather classification’ 
method, as described below for wind resource studies 
in China, is another example of decades of data being 
condensed into a limited number of days.

In China
In the case of China, there are two aspects to assessing 
wind resources. One relates to planning, where maps 
of wind resources are used to draw up policies for the 
development of wind energy and make preliminary 
selections of sites for wind farms. The other aspect is 
the development of a coupling technology between 
mesoscale models and CFD7 models in designing wind 
farms.

In mapping wind resources, the key technical issues 
are on the one hand how to improve the spatial and 
temporal resolution of the distribution of wind resourc-
es, and on the other hand how to calculate the long-
term average wind-speed distribution over twenty to 
thirty years and related statistical parameters for wind 
resources cost-effectively. In order to do this, in 2010 
the China Meteorological Administration developed the 
Wind Energy Resources Assessment System (Zhu et al. 

7  Computational Fluid Dynamics Model.

WIND RESOURCEMAP

MEAN WIND SPEED

DESCRIPTION

This wind resource map provides an est imat e of mean wind power densit y at 100 m above
surface level. Power densit y indicat es wind power pot ent ial, part of which can be
ext ract ed by wind t urbines. The map is derived from high-resolut ion wind speed
dist ribut ions based on a chain of models, which downscale winds from global models (~30
km), t o mesoscale (3 km) t o microscale (250 m). The Weat her Research & Forecast ing
(WRF) mesoscale model uses ECMWF ERA-5 reanalysis dat a for at mospheric forcing,
sampling from t he period 1998-2017. The WRF out put at 3 km resolut ion is generalized
and downscaled furt her using t he WAsP soft ware, plus t errain elevat ion dat a at 150 m
resolut ion, and roughness dat a at 300 m resolut ion. The microscale wind climat e is
sampled on calculat ion nodes every 250 m. For t he microscale modeling, t he t errain dat a
is derived from t he digit al elevat ion models from Viewf inder Panoramas. The WAsP
microscale modeling uses a linear f low model. For st eep t errain, t his modeling becomes
more uncert ain, most likely leading t o an overest imat ion of mean wind speeds on ridges
and hillt ops. Users are recommended t o inspect t he t errain complexit y of t heir region of
int erest .

ABOUT

The World Bank Group has published t his wind resource map using dat a from t he Global
Wind At las version 3, t o support t he scale-up of wind power in our client count ries. This
work is funded by t he Energy Sect or Management Assist ance Program (ESMAP), a mult i-
donor t rust fund administ ered by The World Bank and support ed by 18 donor part ners. It
is part of a global ESMAP init iat ive on Renewable Energy Resource Mapping t hat covers
biomass, hydropower, solar and wind. This map has been prepared by t he Technical
Universit y of Denmark (DTU Wind Energy) and Vort ex FdC S.L. (VORTEX), under cont ract
t o The World Bank.

To obt ain addit ional maps and informat ion, please visit :

ht t ps:// globalwindat las.info

TERMS

This map is published by t he World Bank Group, funded by ESMAP, and developed by DTU Wind Energy and VORTEX. Dat a sources:
Wind resource dat abase © 2019 DTU Wind Energy • Cart ography © 2019 VORTEX • Map dat a © 2016 OpenSt reet Map.org
cont ribut ors • GeoNames.org • Dat a and maps for ArcGIS 2014 © ESRI • Shut t le Radar Topography Mission, version 2 © 2000–2006
SRTM Mission Team • Administ rat ive boundaries © 2016 Cart ography Unit , GSDPM, World Bank Group • VORTEX dat abase version:
2019 • Map issue dat e: 2019-10-11

Copyright © 2019
THEWORLD BANK
1818 H St reet NW, Washingt on, DC 20433, USA

The World Bank, comprising t he Int ernat ional Bank for Reconst ruct ion and Development (IBRD) and t he Int ernat ional Development
Associat ion (IDA), is t he commissioning agent and copyright holder for t his publicat ion, act ing on behalf of The World Bank Group.
This publicat ion, and t he underlying dat aset , is licensed_by The_World Bank under a_Creat ive Commons At t ribut ion license (CC
BY_4.0 IGO) wit h a mandat ory and binding addit ion (please refer t o t he GWA websit e for full t erms and condit ions of use
ht t ps://globalwindat las.info/about / TermsOfUse). Users should cit e The World Bank as t he dat a provider, and make reference t o
ESMAP as t he source of funding for t his publicat ion. Neit her t he World Bank, DTU, VORTEX nor any of it s part ners and af f iliat es hold
t he responsibilit y for t he accuracy and/or complet eness of t he dat a and shall not be liable for any errors, or omissions. It is st rongly
advised t hat t he dat a be limit ed t o use in informing policy discussions on t he subject , and/or in creat ing services t hat bet t er educat e
relevant persons on t he viabilit y of wind development in areas of int erest . As such, neit her t he World Bank nor any of it s part ners on
t he Global Wind At las version 3 project will be liable for any damages relat ing t o t he use of t he maps for f inancial commit ment s or
any similar use cases. The boundaries, colors, denominat ions and any ot her informat ion shown on t his map do not imply, on t he part
of The World Bank, any judgment on t he legal st at us of any t errit ory, or any endorsement or accept ance of such boundaries.

Figure 1 Map of mean wind speed at 100 m in m s-1 from the Global Wind Atlas III project. This map has been prepared by the Technical University of  
Denmark and Vortex FdC S.L. (VORTEX), under contract to the World Bank. The map can be obtained from https://globalwindatlas.info. 
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2010, CMA 2014). A combination of a mesoscale model 
with microscale models is used to obtain a refined wind 
map showing climatic averages through the numerical 
simulation of a limited number of samples. The sys-
tem is composed of three parts: weather classification, 
mesoscale and microscale numerical simulation, and 
Geographical Information System (GIS) analysis. In addi-
tion, a wind dataset with a resolution of 1 km was created 
that represents the long-term climate statistics of wind 
resources from 1979 to 2008. Figure 2 shows the spatial 
distribution of annual mean wind speeds and exploita-
ble wind energy resources at 100 m all over China, with 
key analysis summarized in Table 1 (Zhu et al. 2020). 
According to the technical and economic conditions and 
policies, some areas, such as slopes greater than 30%, 
bodies of water, urban areas, national and state parks, 
and lands reserved for military use, should be excluded. 
Some areas cannot be used fully for wind development: 
for example, grass can be used up to 80%, shrub 65%, 
forest 20%, etc. In the figure of the distribution of exploit-
able wind resources, all the areas in colour are those that 
are available for wind farms, while the areas in white are 
not available. Wind distribution with a horizontal resolu-
tion of 50 m by 50 m or finer and a time resolution of 1 
hour is favourable for resource assessments for a wind-
farm design. To simulate the proposed wind farm, using 

high-fidelity numerical simulation methods coupled with 
a mesoscale model and CFD is the most effective and is 
focus of current technological developments. In China, a 
wind-forecasting method for wind farms has been devel-
oped (Ma et al. 2016). 

Two wind-resource datasets are available for China: the 
long-term averaged high spatial resolution dataset, and 
the long-term series high spatial and temporal resolution 
data set. The former has a horizontal resolution of 1 km × 
1 km, which represents the climatic average and statisti-
cal characteristics of wind resources in 1979-2008, and 
can be used to assess national or regional wind-energy 
potential and to provide a scientific basis for planning 
wind-power development. For example, the analysis re-
sults of this dataset of wind-energy resources has been 
approved by the National Development and Reform 
Commission and the International Energy Agency’s 
‘2050 China Wind Power Development Roadmap’, the 
IPCC’s8 ‘Renewable Energy and Mitigation of Climate 
Change Special Report’, the Chinese Academy of 
Engineering and ‘China Energy Medium and Long Term 
(2030, 2050) Development Strategy Research’. The 

8  International Panel for Climate Change.

Slope (%) Area available in category Land Use Area available in category

α≤3 100% Natural reserve 0%

3<α≤6 50% Water 0%

6<α≤30 30% Grassland 80%

>30 0% Shrub 65%

Forest 20%

Distance to urban area≤3km 0%

Table 1 Standard assumptions for GIS analysis of available areas for wind development relating to Figure 2. 

Figure 2 Spatial distribution of (a) annual mean wind speeds and (b) exploitable wind energy resources at 100 m above ground across China. . 
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long-term series high spatial and temporal resolution 
dataset has a horizontal resolution of 3 km × 3 km and 
spatial resolution of 1 hour from 1995 to 2016. It can be 
used to start CFD modelling for wind-farm design and 
also to provide a database for wind energy enterprises 
and related technical advisory bodies. For example, en-
terprises such as the China State Shipbuilding Corpo-
ration Limited, the China Railway Rolling Stock Corpo-
ration, GoldWind and so on, have used these data to 
provide wind farm siting services to their customers.

Knowledge gaps and outlook
In all the approaches discussed above, efforts are 
made to resolve site-specific conditions. Downscaling 
to the microscale is both scientifically and technically 
challenging (e.g. Veers et al. 2019), despite which it 
represents a common, ongoing effort to bridge mesos-
cale flows with microscale flows. Another factor that 
is ceasing to be negligible is the wake effect from 
wind parks when estimating the available resources 
in an area, which, with normal spacing, can cause a 
power reduction of up to 10% in the neighbouring area. 
Currently, the most frequently applied and investigated 
method is the open-source WRF model, which has two 
primary parameterization schemes available: the Fitch 
scheme (Fitch et al. 2012) and the EWP scheme (Volker 
et al. 2015). Another ongoing research topic is how to 
merge the large-scale, farm-scale wake with the small-
scale, turbine-scale wake (e.g. Porte-Agel et al. 2019), 
which is relevant for the more accurate modelling of 
wind resources.

Mapping extreme winds

Development of methodologies and applications 

In general
With climate change, an increase has been observed in 
the intensity and frequency of some extreme weather 
conditions. Extreme weather causes a number of chal-
lenges in both the design and operation of wind tur-
bines. Storms are often associated with strong winds, 
affecting the turbine’s load and fatigue. The highly 
variable flow, with reference to the cut-out speed of, for 
example, 25 ms-1 (the speed at which the turbine is shut 
down), can cause large fluctuations in power produc-
tion, which accordingly affects the power integration 
system. Here, extreme wind methodology development 
is analysed, for example, of fifty-year extreme wind at 
hub height, which is a design parameter specified in the 
IEC9 standard 61400-1 (IEC 2007), as required for wind-
farm planning. This parameter needs to be calculated to 
find suitable turbines for each farm in order to harvest 
the most wind energy while reducing the risk of dam-
age from harsh wind conditions. 

The earliest dataset of fifty-year wind was produced in 
line with general civil-engineering applications and was 

9  International Electrotechnical Commission.

based on in-situ measurements, such as the European 
Wind Load Code (Eurocode 1995). In this code, many 
European countries made their own extreme-wind maps 
using different approaches (e.g. Miller 2003, Larsén and 
Mann 2009). As a result, there is significant discontinui-
ty in extreme wind values at national borders. 

The development of methodologies for estimating ex-
treme wind can be sorted into the following categories: 
(a) statistical functions for region-specific extreme wind 
climates; (b) long-term measurements of pressure; and 
(c) numerical modelling approaches. 

For category (a), one needs to determine how to com-
bine samples from multiple extreme weather systems, 
given the existence of long-term measurements (e.g. 
Harris 2001, Kruger et al. 2010). Extreme wind events 
range from mid-latitude depression systems and chan-
nelling winds to thunderstorms and tropical cyclones. 

In the case of category (b), since historically many more 
pressure data than wind measurements have been 
available, the geostrophic winds can easily be calculat-
ed from pressure data over the whole area, which will 
then be converted into Eurocode wind (Abild et al. 1992, 
Miller 2003). Efforts in category (b) have inspired the 
exploration of modelled pressure data in a similar man-
ner, which is an attractive option for locations where 
measurements are not available (Frank 2001, Larsén 
and Mann 2009). 

Unlike wind-resource assessments, estimating the 
fifty-year wind requires a significantly longer time 
series, which is often not available, causing significant 
uncertainties in making estimates (e.g. Larsén et al. 
2015). Category (c) thus becomes a very attractive 
option. Long-term numerical model data have been 
made widely available, with spatial resolutions from 
several km to hundreds of km and temporal resolutions 
from 1 to 6 hours. However, these modelled data face 
a general problem: the numerical smoothing effect 
embedded in the simulation, which causes extreme 
wind to be systematically underestimated. Several 
approaches have been developed to confront this 
challenge. One is to increase the spatial and temporal 
resolutions to, for example, 2 km and 10 min, which 
are in the vicinity of mesoscale modelling and are 
associated with high computational costs, given that 
decades of simulation must be performed. Larsén et al. 
(2013) have developed a method to calculate extreme 
wind with a focus solely on severe storms over a long 
period, thus reducing the computation by 95%. The 
results of the extreme wind atlas are satisfactory in 
comparison with measurements. Another approach, 
the spectral correction method, aims to fix the missing 
wind variability in the coarse-resolution modelled data 
over certain frequencies and uses information from the 
limited measurements to fill in this missing variability 
through the spectral domain (Larsén et al. 2012). In the 
absence of measurements, a spectral model derived 
from measurements was applied. This method was 
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used to create an extreme wind atlas for South Africa 
(Larsén and Kruger 2014) and has been implemented in 
WEng,10 covering most parts of the globe. 

While these methodologies are applicable to both 
onshore and offshore conditions, there are special 
challenges and advantages in the case of offshore 
conditions. The challenges are related to the fact 
that ocean waves are a function of wind and that it 
is difficult to model this dependence at storm wind 
conditions. Whereas the waves have a negligible effect 
on average wind structures, their effect is consider-
able during strong wind conditions. Wind and wave 
modelling are often coupled for storms and tropical 
cyclones (e.g. Liu et al. 2011, Wu et al. 2015). Larsén 
et al. (2019) used a wind-wave coupled system to 
draw up an extreme-wind atlas for the waters around 
Denmark. In general, there is still the challenge of too 
few measurements being available offshore, making it 
difficult to validate and improve modelling approaches. 
The advantage is that, over certain bodies of water, the 
best-track data for tropical cyclones are available. Ott 
(2006) used the Holland model and the best-track data 
to create a fifty-year wind atlas covering the western 
part of the North Pacific Ocean.

In China
Western Pacific typhoon activity in summer and au-
tumn brings not only wind power to China’s coastal 
wind farms, but also devastating disasters. Typhoon 
monitoring data for the past fifty years suggest that 
typhoons generated east of the Philippines and mainly 
affecting the southeast coast of China take three active 
paths: a westward path, a northwest path and a north-
ward path. The distribution of maximum wind speeds 
once every fifty years along the Chinese coast, based 
on wind measurements from 205 wind towers taken 
during 198 typhoons from 2003 to 2010, shows that 
most of the islands and headlands in Zhejiang, Fuji-
an and Guangdong provinces have a maximum wind 
speed once every fifty years of 50-55 ms-1. Moreover, 
the ratio of the maximum wind speed once every fifty 
years to the annual mean wind speed exceeds the 
reference value of 5 times the IEC61400-1 standard 
and can reach 7-10 times on Hainan Island and the 
Xuwen coast of Guangdong. In addition, analysis of 
the turbulence characteristics of the coastal near-layer 
atmosphere under the influence of 44 tropical cyclones 
produces a number of samples near the typhoon’s 
centre, with turbulence intensities exceeding the 
IEC61400-1 standard when the wind speed is less than 
30 ms-1. In order to produce typhoon-resistant wind 
turbines, China has organized research on typhoon 
wind characteristics and compiled a national standard 
for a ‘wind turbine generator system under typhoon 
conditions’. The standard uses Western Pacific trop-
ical cyclone data from 1949 to 2010 and observation 
data from 205 wind towers on the southeast coast of 

10  WAsP Engineering.

China from 2003 to 2010. By analysing the turbulence 
characteristics of the coastal near-surface atmosphere 
under the influence of 44 tropical cyclones, the design 
wind parameters of typhoon-type wind turbines in 
IEC61400-1 standard were adjusted.  

Knowledge gap and outlook
The calculation of extreme wind is still challenged by 
our understanding of flow across multiple scales, par-
ticularly in the range of a few kilometres to meters, the 
so-called spectral gap region. This limitation is reflected 
particularly in complex terrains (e.g. mountainous area, 
coastal zones) and challenging weather conditions 
such as tropical cyclones and thunderstorms. Thus, it 
remains a problem to obtain reliable samples to assess 
the extreme wind climate and thereafter the distri-
bution of these conditions when calculations cannot 
be achieved with high confidence. At the same time, 
whether assessing extreme wind directly or calibrating 
and verifying models, measurements are rare, since 
measurement systems often experience technical fail-
ures during extreme weather. Long-term, good-quality 
data are even more difficult to assess.

Non-technical aspects
The physical wind-power potential is defined by the re-
sources analysed in the preceding sections, in particular 
the spatial and temporal distribution of (extreme) wind 
speeds and power. However, the physical potential of 
the power in the wind has certain geographical, techni-
cal, economic and social limitations. As far as possible, 
these aspects need to be considered in the context of 
resource assessments for onshore wind. Only then can 
they provide insights that are useful for relevant stake-
holders such as researchers, policy-makers and inves-
tors with different levels of influence. This section briefly 
presents the state of the art in making resource assess-
ments for onshore wind before summarizing the efforts 
to take the non-technical constraints into account and 
providing a brief summary of the knowledge gap.

State of the art 
As outlined above, wind resource data and maps are 
only the first step in assessing the suitability of specific 
locations for wind-power plants. As well as the wind 
speed itself, several other factors influence the fraction 
of power in the wind that can realistically be utilized – 
these are summarized in Table 1 below. In order to inform 
scientific and policy discussions about the possible 
contribution and costs of onshore wind, detailed data on 
their spatial distribution are required. Many studies have 
analysed these potentials and costs based on a combi-
nation of detailed geospatial analysis (wind speeds and 
land cover), land-suitability criteria and techno-economic 
turbine characterizations (e.g. Dalla Longa et al. 2018; 
Bosch et al. 2017; McKenna et al. 2015). The results of 
these studies are typically employed by researchers to 
provide input to energy system models, which explore 
the economic viability of wind in competition with other 
energy technologies in the context of long-term energy 
scenarios (Zeyringer et al. 2018).
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Attempts to consider non-technical constraints
The studies mentioned above have the limitation that 
they focus on the technical potential, thereby overlook-
ing many non-technical constraints for onshore wind. 
Especially relevant is the issue of public acceptance, 
which includes concerns relating to the environmental 
impacts, noise, electromagnetic radiation and land-
scape impacts, the last of these having dominated the 
research literature on acceptance thus far. This literature 
shows, for example, that residents are more inclined to 
accept wind farms if they stand to benefit directly (e.g. as 
co-owners). Increasing the offset distance from a wind 
farm can also increase acceptance, as can involving local 
communities in the development process. 

The value of the landscape to different stakeholders is 
difficult to measure, so data relating to this question are 
rare. Some studies in the field of regional and spatial 
planning have employed photographs of different 
landscapes, which are evaluated in terms of their aes-
thetic appeal (beauty of the landscape) by members of 
the public. These studies have provided a geospatial 
database of landscape beauty, which can be employed 
to estimate more realistic or feasible wind potentials. 
Examples include a study of the ‘feasible’ wind energy 
potential of the Baden-Württemberg region in Germa-
ny (Jäger et al. 2016) and more recently with so-called 
‘Scenic-or-Not’ data for Britain (McKenna et al. 2020). 
In addition, Harper et al. (2019) present a multi-criteria 
decision analysis approach that takes into account the 
technological, legislative and social constraints in a Brit-
ish context, while Eichhorn et al. (2019) have developed 
a sustainability assessment framework for possible 
wind sites, including the environmental, social, technical 
and economic aspects, and applied it to Germany.

Although evaluations of landscapes provide a basis for 
evaluating the landscape, other data sources can be em-
ployed to evaluate the cost to the householder or other 

consumer of tolerating landscape modifications pro-
duced by onshore wind farms. Combining insights about 
actually paid compensation with preferences stated in 
surveys and preferences revealed by actual property pric-
es allows aggregated ‘acceptance costs’ to be estimated 
for Denmark (Hevia-Koch and Jacobsen 2019). These 
acceptance costs can be added to previously determined 
generation costs to estimate the full cost of acceptance.

Other researchers have employed expert stakeholder 
workshops in order to arrive at more meaningful poten-
tial estimates for onshore wind. For example, Höltinger 
et al. (2016) present a participatory approach with key 
stakeholders to consider the effects of socio-political 
and market acceptance on the techno-economic po-
tential for wind in Austria.

Knowledge gap and outlook
While progress has been made in accounting for these 
non-technical dimensions in making assessments of on-
shore wind resources, further developments are required. 
In particular, these should aim to increase the precision 
of these factors in the spatial modelling, as well as to im-
prove the consistency and transferability of assumptions 
in the methods employed in different contexts.

Much of the research discussed above employs loca-
tion-specific data on the actual or perceived ‘value’ of 
landscapes. However, financial evaluations of public 
acceptance are notoriously uncertain, as well as being 
person- and location-specific. At the very least, spa-
tially disaggregated data relating to these preferences 
would be required to draw up a complete balance 
sheet. These data need to take into account the impact 
on communities living in the vicinity of new or existing 
wind farms, as well as calculate the economic value of 
beautiful landscapes. This would involve taking into 
account the number or frequency of ‘sightings’, as well 
as the actual value of each sighting as inferred from 

Potential term Defined as… Affected by, e.g.
Energy policy  
relevance, e.g.

Theoretical potential 
…the total energy content of wind 
globally.

Global climate, surface boundary 
layer etc.

Generally irrelevant

Geographical potential
…the amount of wind energy 
across the total area available for 
wind turbines

Terrain/topography, land use, 
slope, elevation, distance to coast 
etc. 

Generally irrelevant

Technical potential

…the electricity that can be gen-
erated from wind turbines within 
the geographical potential with 
a given turbine technology (e.g. 
current, future).

Hub height, rotor diameter, power 
density (turbine spacing), specific 
rotor power, wake effects etc. Also 
planning constraints

Wind industry R&D, 
innovation and mar-
ket dynamics  

Economic potential
…a subset of the technical poten-
tial that can be realized econom-
ically.

Investment and O&M costs of 
turbines, subsidies

Energy-political 
frameworks

Feasible potential
…reflecting non-technical con-
straints.

Manufacturing capacity, public 
acceptance

Public acceptance, 
market barriers, inertia

Table 1 Overview of different potential definitions and their exemplary policy relevance (adapted from) McKenna et al. (2020).
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its scenic beauty. Exploring the links between land-
scape beauty and other variables is another potentially 
promising research area. For example, there is a strong 
statistical correlation between the outcome of planning 
applications for onshore wind parks and the scenic 
qualities of the location (McKenna et al. 2020). 

One starting point for extending these approaches to 
other contexts could be to identify similarities and dif-
ferences between acceptance and planning procedures 
elsewhere (Suskevics et al. 2019). Either a set of images 
of the environment taken at eye-level is needed, or a 
relationship between scenic quality and land-use cate-
gories (Stadler et al. 2011) or other landscape metrics. For 
the former, scenic ratings of the images could then be 
crowd-sourced like for Scenic-Or-Not or estimated using 
computer vision approaches (Seresinhe et al. 2017). Fur-
ther crowd-sourced ratings or deep-learning estimates 
would make it possible to increase data granularity 
above one photograph per 1 km2. Ratings for further pho-
tographs would also help ensure that views in different 
directions were taken into account for each area. This 
framework could also be enhanced to take into account 
the size and type of turbine installed, introduce a setback 
distance to significantly increase acceptance (Betako-
va et al. 2015) or take into account the experience that 
local communities already have with wind energy (Van 
der Horst 2007). It could also include estimates of the 
potential impact of changes to landscape aesthetics 
on happiness and health, building on the modelling 
reported by Seresinhe et al. (2019) to help policy-makers 
understand the range of trade-offs at play.

Summary
This chapter has provided a review of both the tech-
nical and non-technical aspects of assessing wind 
resources and the technical aspects of estimating 
extreme wind. The overall development of method-
ologies and applications has been described, with 
a particular focus on China. Significant progress on 
these topics has been achieved in recent decades 
as a result of scientific discoveries, computation-
al capacities, technical skills, market demand and 
international collaboration. Regarding the technical 
aspect, there are still limitations in our knowledge and 
challenges in our ability to calculate more accurately; 
the knowledge gap lies particularly in describing flow 
across scales, including improving the synoptic field 
through, for example, data assimilation and improving 
the downscaling from the mesoscale to the micros-
cale, particularly for challenging terrain and surface 
conditions. In estimating extreme wind, continuous 
efforts are required to improve not only statistical 
approaches but also the physical aspects, such as 
modelling extreme weather, like tropical cyclones 
and thunderstorms. Much of the research discussed 
here accounting for the non-technical dimensions in 
making resource assessments for onshore wind em-
ploys location-specific data on the actual or perceived 
‘value’ of landscapes. As a result, transferring these 
methods to other contexts relies on relevant spatially 
disaggregated data. These data need to reflect the 
impact of new or existing wind farms on communities 
living in their vicinity, as well as to consider the eco-
nomic value of beautiful landscapes. 
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