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Abstract: A dramatic expansion of the worldwide wind power capacity is underway which is critical to an effective 
mitigation of climate change. However, wind tower infrastructure is susceptible to extreme weather conditions such as 
tropical cyclones and thunderstorms. Under the context of global climate changes and intense weather events, it is 
imperative to assess the impacts of extreme conditions on the susceptibility of the global wind power with important 
implications on energy security and power system resilience. In this paper, we discuss the necessity and rationality of 
wind power deployment considering extreme weather perspectives on enhancing the global sustainability, security, 
economics, and resilience. We assess the vulnerability of wind power to extreme weather events under climate change 
and present the correlation of wind power proliferation, extreme weather events, and climate change issues. Our results 
indicate that, if extreme wind speed increases by 20% considering a 50-year return wind speed and load safety factor is 
changed from 1.35 to 1.7, the initial capital cost of wind unit installation by the end of this century could increase by 
about 12% because of the higher strength in tropical cyclones. In this period, upward lightning strike will be intensified 
due to the use of taller wind turbines and higher angular speed of blades. Also, additional storm surges and sea ices will 
potentially cause higher risks to inland and offshore wind tower structures and foundations because of the continuously 
rising sea levels. It is confirmed in our discussion that the proliferation of wind power generation would be beneficial 
despite its vulnerabilities by curbing the use of fossil-based power generation units, mitigating severe carbon emission, 
and reducing climatic changes and extreme weather events, which could also cause significant structural damages to 
wind turbines installations globally. The article concludes that it is vital in the scientific community to further analyze the 
relationship among global wind energy integration, extreme weather events, and climate changes, and for politicians to 
formulate a comprehensive energy policy strategy, as engineers continue to investigate the means of deploying additional 
inland and offshore wind farms and consider other types of renewable energy resources with a direct link with weather 
conditions, for a sustainable, economic, secure, and resilient energy production. 
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1. Introduction

Carbon dioxide (CO2) emission produced by electricity generation is the dominant cause of the anthropogenic climate 
change Error! Reference source not found., accounting for about 40% of energy-related CO2 emissions in 2016 Error! 
Reference source not found.. Although the number is changing because of the retirement of a large number of coal 
power plant, there is a global agreement among stakeholders that it is imperative to restrain climate changes by limiting 
average temperature increase to below 2 degree Celsius (℃) above the pre-industrial level and pursuing additional efforts 
to limit the warming to 1.5°C. To attain this goal, the Intergovernmental Panel on Climate Change (IPCC) report pointed 
out that the global greenhouse gas (GHG) emission would need to be decreased by 45% from 2010 levels by the year 



2030 [3]. It is generally acknowledged by experts that the stated goal can be achieved by increasing the integration of 
renewable energy resources. 

In recent years, the proliferation of RES, including hydropower, solar power, geothermal, and wind power, has begun 
to play an increasingly important role in achieving climate change goals. As kinetic energy in the atmospheric boundary 
layer exceeds the present world electricity demand [4], large wind turbines convert the kinetic energy into electricity. 
Wind power has experienced a remarkably rapid expansion in recent years as the global installation of wind generation 
capacity has increased by nearly 80 times from 7.5 gigawatts (GW) in 1997 to almost 600GW in 2018 [5]. The steady 
increase of the global annual wind energy growth rate from 2011 to 2018 was about 17% ranking second only to 
hydropower [5]. According to the analyses provided by the International Renewable Energy Agency (IRENA), as the 
growth in offshore wind power is expected to increase by more than 650% in 2030, wind power will be exceedingly 
viewed a key power generation technology in a decarbonized global economy [5]. 

However, wind power generation is vulnerable to extreme weather conditions. GHG emission causes global warming, 
which will increase the earth field energy. Accordingly, the Coulomb force between charges will form a rift on the land 
surface, which at a macro level is shown as the tension of continental plate producing elastic potential energy. The energy 
release in this case often appears as extreme weather with destructive consequences on human activities. The examples 
include tropical cyclones, which pose significant threats to populations and constructions in coastal zones [8]. The 
intensity of global tropical cyclone has become stronger which includes increasing sea surface temperature (SST) since 
mid 1970s [9]. Similarly, lightning strikes during a thunderstorm, which is the most underrated hazard, can claim dozens 
of lives, destroy infrastructures and cause blackouts in many regions globally [10]. In essence, the deployment of large 
wind turbines in such conditions is highly susceptible to weather conditions, while the frequency and intensity of extreme 
weather events are projected to heighten in the context of global climate changes. Some researchers have explored and 
analyzed the impacts of intense climate changes on the proliferation of wind power generation. Earlier studies identified 
multiple scenarios in various regions, where wind power generation is expected to grow, with concluding results which 
represented high uncertainty and lack of consistency among climate models [11]. To solve this problem, Johnson et al 
focused on wind power generation density as a measure of available wind power generation in the continental United 
States [12]. Related research also included that of Fant et al which developed a risk-based assessment of climate change 
impacts on wind and solar energy resources, considering the uncertainty in atmospheric carbon emission level and 
changes in global climate levels [13]. 

In practice, the impact of extreme weather events such as tropical cyclones and thunderstorm on wind power 
generation has attracted the attention of several investigators with controversial outcomes. In such cases, it continues to 
be extremely critical to assess the effect of climate changes on wind power generation and identify difficulties in utilizing 
wind power generation if climate changes persist with devastating regional results (hurricanes, disappearance of glaciers, 
extensive flood levels, large droughts, and massive regional fires). Hence, it is vital in the scientific community to 
urgently analyze the relationship among wind power generation, extreme weather events, and climate changes, and for 
politicians to formulate a comprehensive energy policy, as engineers deploy additional wind farms and other types of 
renewable energy resources which depend on climatic changes and resources for energy production. In this article, we 
focus our attention on the impacts of tropical cyclones and thunderstorms in regions where climate changes have had 
significant effects on wind turbines structure and the vulnerability of wind power generation. Accordingly, we consider a 
correlation among wind energy, extreme weather and global climate change where construction and O&M costs of wind 
farm is analyzed in extreme weather events. In addition, influences of other extreme weather events, including storm 
surge and extreme minimum temperature alternations, on wind power are analyzed. Based on analyses of the impact of 
extreme weather events on wind power generation, this paper some specific technological and policy implications for the 
deployment of additional wind power generation units as a means of alleviating energy crises and climate changes 
proposes.

https://www.sciencedirect.com/topics/engineering/climate-change


2. Effects of tropical cyclones on operational security and investment viability of offshore wind farms 

Owing to the short span and the quality of historically collected data, lack of strong variability in climate conditions, 
and partial understanding of driving forces in extreme events, there remains to be a significant challenge in detecting the 
links between human-induced climate changes and trends in tropical cyclone activities. Many researchers are devoted to 
studying such relations. The CO2-induced tropical warming of SST is considered as one of the conditions for the 
formation of tropical cyclones [14]; however, there is also an argument as to whether the local SST or the incremental 
difference between the local SST and the mean tropical SST has a more profound influence on tropical cyclones [15]. 
Based on existing simulations with high-resolution dynamical models, global tropical cyclones are consistently projected 
to have 2-11% higher intensities by the end of the 21st century with higher annual frequencies in the background of 
greenhouse warming [16]. Moreover, the power dissipation of hurricanes is inversely correlated with the increasing SST 
suggesting an upward trend in destructive potentials [14]. 

Tropical cyclones primarily affect offshore wind farms. By the end of 2017, nearly 84% (15,780MW) of all offshore 
wind energy installations were located in eleven European countries with the remaining installations located mainly in 
China, Vietnam, Japan, South Korea and the United States [18]. The tropical cyclones affecting wind turbines are divided 
into three categories including the utilizable, defense-required, and destructive [19]. North Pacific and North Atlantic 
regions have recorded the most prolific tropical cyclone basins, with an upward trend in the regional intensity of such 
events [17]. The predicted higher-intensity tropical cyclones can lead to a greater probability for destructive cyclones in 
upcoming years, which can result in additional damages to existing wind farms and tower structures, and hinder the 
development of additional offshore wind power units. The result is that fewer off-shore sites will be available to ensure 
stable, sustainable, and economic operations of electricity grid, despite the projected continuity of abundant wind 
resources in these basins.

One key design criterion for wind turbines is the regional wind pattern that governs the deployment of wind turbines 
[20]. In Table 1 we list the International Electrotechnical Commission (IEC) categories and the corresponding wind 
speed for turbine design. Blades in high wind sites and low wind sites have different designs to optimize performance. 
Turbines in lower wind speed locations at a given rated power will need a larger rotor to capture the same amount of 
energy as a similar turbine. The milder wind climate makes it possible for the turbine structure to carry a larger rotor, and 
thus an efficient turbine can be designed. Even so, the cost of energy will always be lower for wind power at sites with a 
higher average wind speed. Concerning the cyclones, the U50 index, defined as the 10-minute sustained extreme wind 
speed with a 50-year return period is a possibility for design criterion. Return period is the inverse of the average 
frequency of occurrence of wind speed. In this case, 50-year return period indicates that there is a (1/50 or 2%) chance 
that 10-minute sustained wind speed in any year will exceed the designated U50 index. In Table 1, we list two indices for 
cyclones. One is the IEC 50-year return wind turbine class which is associated with the U50 index. The other is the Saffir-
Simpson Hurricane Wind Scale (SSHWS) which is based on 1-minute sustained extreme wind speed. The former can be 
transformed to the SSHWS index by a conversion factor of 1.11 [21]. Since the intensity of tropical cyclones shows an 
upward trend and increasing extreme weather events are projected to exceed existing design standards, both indices 
indicate that future designs may need to be enhanced accordingly to consider the storms more exclusively, especially for 
offshore wind farms in the areas prone to cyclones. Another key design criterion is safety factor (i.e., ratio of turbine 
material's strength to an expected strain) in which a larger safety factor will provide higher reliability in design. The 
improved design requirement can be met by a higher return period in the loading design (i.e., increase the return period of 
extreme storms from 50 to 100 years), a larger safety factor in the strength design criteria, or a combination of the two 
solutions [22]. Consequently, the capital cost of offshore wind farm may increase because of higher design standards for 
installations in harsher environments. A typical capital cost breakdown of offshore wind power generation system is 



listed in Table 2 [23]. 

Table 1 Comparison of IEC and SSHWS Indices

Hurricane Category IEC Wind Speed (m/s) IEC 50-Year Return Wind Speed (m/s) SSHWS (m/s)

1 37.5 52.5 33-42

2 42.5 59.5 43-49

3 50 70 50-58

4 - - 58-70

5 - - Larger than 70

Table 2 Capital cost breakdown for typical offshore wind power systems.

Item Percentage Cost

Wind turbine 40

Grid connection 15

Construction 20

Other capital 25

An estimate of the change of the capital cost in relation to a higher design requirement is provided in [24]. The 
extreme loading costs are assumed to be proportional to the normal loading costs, which is proportional to the square of 
mean wind speed and directly proportional to load factors. About half of tower and foundation construction costs are 
driven by extreme loading of wind turbines [24]. For a wind turbine, tower costs account for a quarter of the total costs, 
and the rotor and nacelle account for the other three quarters [25]. The rotor-nacelle-assembly design is assumed to be 
driven by fatigue, which may be debatable for installations in typhoon-prone regions. According to the percentages given 
in Table 2, the grid connection and other capitals contribute to 40% of the total costs. The changes in grid connection and 
other capital cost are disregarded in the present model. Hence, the relative changes in total cost C/Cref due to changes in 
extreme wind speed is expressed as [24],
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where γf, ref and Uref denote the reference safety factor and reference extreme wind speed (i.e., 50-year reference wind 
speed) respectively, and γf and U are load safety factor and extreme wind speed respectively in tropical cyclone areas. To 
maintain the same level of reliability considering the impacts of tropical cyclones, γf,ref  is recommended to be 1.35 in 
Europe and North America [26]. Storm intensity is expected to increase by about 20% near the eye of the storm and the 
intensity is expected to increase by 10% by the end of this century [27]. If the extreme wind speed increases from U50 by 
20% because of the change in tropical cyclone intensity, the safety factor could be adjusted to about 1.7, and the 
corresponding capital cost could be increased by about 12%.

3 Risk of lightning strikes on wind turbine operations

Lightning strikes are considerable threats to wind turbines, as significant portion of strikes terminate on blades and 
flow through the structure to ground. Exposed wind turbines which are taller than adjacent objects provide an excellent 
means of propagating lightning charges [31]. The lightnings which strike wind turbines are shown in Fig. 1. In lightning 
incidents, turbine blades are the most vulnerable components, which are made of composite materials that are sensitive to 
electric discharges and lightning. More than half of lightning faults occur in wind turbine control systems, with critical 



impacts on wind turbine operations [32]. 
According to the Forth Assessment Report (AR4) of IPCC, there is an insufficient evidence to conclude a linkage 

between lightning and global climate change [2]. As remote sensing offers a potential alterative to detect changes in 
small-scale severe weather such as satellite proxy measurements of lightning, projection studies have been conducted on 
lightning activity variations. According to experimental and modeling results, the lightning activity is projected to 
increase in hot and dry climates, because thunderstorms are more explosive when there are fewer rainfalls [28]. 
Regionally, lightning is associated with not only the surface temperature and humidity, but also aerosol loading. In recent 
years, this potential energy tends to increase as the climate changes to be warmer and clear trends show an increase in 
cloud-to-ground lightning strikes in many regions of the world as presented in [29]. 

The risk of lightning strikes at wind turbines is a function of wind turbine height, local terrain and wind farm 
topography, and regional lightning level [20]. Modern wind turbines are characterized by taller towers and longer blades, 
because higher-altitude wind usually means a higher power density. The height of the structure has far exceeded 100m 
(tower plus blade), which are more exposed to lightning strikes. Moreover, in recent years, an increasing number of 
upward lightning strikes emitted by wind turbines has been recorded in which the height and the movement are two 
major causes. Also, rapid rotation of blade tips plays an important role in this type of discharge because rotating wind 
turbines are more likely to cause lightning than static objects [33]. Therefore, modern wind turbines may be easily 
stricken by lightning, and most of the strikes are expected to be upward lightning as the percentage increases with the 
height of the turbine structure, regardless of the trend in lightning activities.

Although the number of lightnings striking wind turbines grows in taller wind structures and rapid blade tip 
movements, further studies are needed to find accurate relations among changes in extreme climatic conditions, physical 
characteristics of wind farm infrastructures, and correlations among corresponding risks.

Figure 1 Types of lightning strikes to wind turbines

4 Impacts of other extreme weather events on the operation and maintenance of wind farms

Other extreme weather events such as storm surges and extreme minimum temperatures could also be heightened with 
an increase in global temperature. Hence, the impacts of these phenomena on the installation and the operation and 
maintenance (O&M) of wind turbines would also need to be considered. Storm surges are abnormal water rises 
connected with low pressure systems which are the most fatal and destructive secondary hazards of cyclones. The storm 



surge magnitude is determined by storm characteristics and the coastal geometry and bathymetry. Consequently, storm 
surge changes cannot be directly inferred by analyzing the changes in a single storm characteristic. Hence, it is not 
currently possible to accurately assess storm surge variations stemming from climate changes, or to quantify the impacts 
of projected storm surges at regional scales due to uncertainties associated with tropical and extratropical cyclones [34]. 

However, according to the IPCC15 records and other prediction models, the poleward shift of extratropical cyclones 
has an upward trend, which, together with future sea-level rises exacerbated by adverse weather conditions [16], will 
culminate in additional vulnerabilities of wind turbines in coastal areas. Storm surges do damage to offshore wind turbine 
towers and foundations, inducing a collision and causing severe vibrations in offshore structures. Although there is an 
inconsistent projections of storm surge intensities due to the rising global temperature, it is generally expected that the 
storm surge frequency will increase in some basins. The additional storm surges pose more risks not only to wind turbine 
towers but also seabed structures and cables in wind farms. Frequent occurrences of such events could cause the seafloor 
sediment to be more mobile than previously anticipated, and corresponding scour and sand wave migrations would likely 
cause more cable exposures, while replacing the cables is expensive and difficult in most offshore locations [35].

Extreme minimum temperatures could inevitably change owing to higher global temperatures. Consequently, the 
formation of variable sea ice in many regions is conceivable, including offshore wind farm. Sea ice, particularly the 
drifting sea ice, could form multiple pieces of ice floes which are moved around by intense winds. In addition, pack ice 
formed on the ocean surface can exceed 1 m/s drift speed [36]. The annual mean Arctic sea-ice extent declined from 3.5 
to 4.1% per decade from 1979 to 2012. Although the situation is reversed in the Antarctic region, there are strong local 
differences as well. Furthermore, researchers have projected reductions in the Baltic Sea mean total ice thickness, sea ice 
extent, and sea ice days, with some areas becoming ice-free because of climate changes [35],[36]. The sea ice loading 
(i.e., ice buildup on the tower) is the main component of the offshore wind turbine loading, which mainly includes static 
winter ice load, winter block ice impact, and drifting ice dynamic impact. Climate change analyses of sea ice predicts a 
reduction in the future sea ice loading, which may mean sites considered previously as unsuitable for offshore wind farms 
would be available in the future, which benefit the wind energy deployment. However, vicious cycle of sea-level rise and 
global warming, resulted from the melting of sea ice, indicate that although the reduction in extreme minimum 
temperature would benefit the wind energy development under extreme climate changes, the benefits are far less than 
potentially increasing risks in forthcoming decades. The drifting ice, a large projected reduction in sea ice scale formed in 
the 21st century, potentially increases turbine wave loading, induces collisions with wind turbine tower and foundation, 
and leads to enormous impacts on offshore structures [35]. 

5 Technological implications

As a mainstream renewable power generation, wind energy can help reduce carbon emissions and contribute to less 
human-induced global climate changes. Considering that the renewable electricity generation could play an increasingly 
important role in greenhouse gas emission mitigation and the limitation of climate change risks, the installed wind 
capacity has increased by orders of magnitude in various regions of the world during the last two decades. Wind power 
generation is climate sensitive and wind turbines are vulnerable to extreme weather events. Accordingly, the rising 
numbers of extreme weather events which are mainly influenced by human-induced global climate changes, will have 
negative effects on wind power generation. In turn, fewer extreme weather events could reduce potential damages to 
wind turbine structures and O&M costs of wind farms.

In order to cope with the impact of extreme weather events on wind power generation, we should consider 
technological characteristics of wind farms as well as regional climatic conditions that contribute to renewable power 
generation portfolio for supplying electricity loads. The technological characteristics that need be considered include the 
type and the capacity of wind generators, tower height, tower foundation strength, blade type, gearbox, load pattern, and 
the grid connection. Other technological implications for adapting to extreme weather events are presented below 



according to the discussions presented in this paper. First, changing the orientation of wind turbines could be beneficial 
in optimizing the wind farm resilience and structural efficiency against climatic conditions. Second, because of the 
upward leader phenomenon occurring frequently in lightning strikes, the lightning protection system needs to be 
designed effectively in order to handle upward and downward leaders. Third, the development of anti-shock towers and 
tower foundation materials are critical for offshore wind turbines in order to be responsive to sea ice and storm surge. 
Fourth, wind farms could be used in power-to-gas (electrolytic hydrogen technology) and energy storage technologies in 
order to convert the electricity generated by wind farms to other types of energy. In the case of wind farm outages in 
extreme weather conditions, the proposed energy conversion technologies can reduce the impact of wind farm outages on 
power system capacity efficiency.

6 Socioeconomic and and regulatory implications 

Wind power is pollution-free. The capacity and the distribution of wind power generation in each region is limited by 
local climatic conditions, but the irreplaceable role of wind power generation as a clean energy source in reducing carbon 
emissions is unquestionable. In addition, wind energy industry brings to each region billions of dollars in private 
investment and thousands of well-paying new jobs. A dynamic investment venture and corresponding employments will 
also increase the government's tax revenue and the regional socioeconomic stability. Based on the analysis of the global 
wind energy vulnerability to extreme weather events, specific policies are considered for wind energy deployment which 
are discussed as follows:
i) Extreme weather events which happen frequently with higher intensities necessitate more specific and directed 

technical standards for managing the wind turbine design, construction, operation, and maintenance. Accordingly, 
existing standards which are formulated by IEC and other participating organizations would need to be updated in a 
timely manner. In addition, administrative requirements for the approval of wind power generation enterprises should 
be kept at minimum. Although socioeconomic and ecological prospects of wind power generation can promote the 
investment on renewable energy in different regions, existing regulatory constraints, which are occasionally driven by 
large power utilities are not utterly conducive to such private investments. Therefore, market options and government 
incentives for promoting the investment on wind power generation should be stepped up more aggressively to create a 
fair, viable, and open environment for promoting renewable energy portfolios. 

ii) As local and federal governments pay more attention to regulatory and environmental aspects of promoting non-
carbon power generation, capital investments and operation costs of such projects will continue to look more attractive 
to individual stakeholders. According to our discussions, without considering the impact of extreme weather, offshore 
wind power generation will offer better economics than those located inland. However, installation requirements and 
operational reliability mandates for wind turbines, operation and maintenance requirements, transmission and delivery 
of energy, and sea weather conditions, will increase the cost of offshore wind farms when the prospects for extreme 
weather events are more significant. Therefore, there should be a concerted global effort to limit the relevant project 
development costs in order to be able to utilize abundant inland and offshore wind power generation resources 
throughout the world.

iii) The role of wind power generation in sustaining the energy security should be further emphasized along with the 
challenges of climate change and environmental concerns. The review of any regional energy infrastructure investment 
must consider the critical impacts of resilience and adaptability provided by distributed energy resources. Any 
withdrawal from international agreements on clean energy deployments such as the Paris Agreement [37], could 
further promote the use of carbon-based energy technologies in developed and developing countries, delay the 
deployment of off-grid and distributed energy resources in impoverished and economically disadvantaged nations, 
discourage the promotion of research and development on affordable wind power generation technologies and new 
discoveries in renewable energy-based microgrid deployments in accordance with discussions presented in this paper. 
Therefore, while the cooperation on mitigating climate change should continue, industrial countries should strengthen 



international relations on finding affordable ways of achieving the dual objectives of enhancing energy security and 
climate security.

7. Conclusions

In this paper, the positive influence relationship among wind power, extreme weather and climate change is discovered. 
From an energy security and economic point of view, impacts of several kinds of extreme weather events on wind 
turbines vulnerability along with global climate changing is assessed. The interactions among wind energy, electricity 
generation portfolio, and climate change along with negative impacts of extreme weather events are studied. In the areas 
prone to tropical cyclones, more frequent high-intensity tropical cyclones may result in fewer suitable sites and higher 
costs of installation and O&M for offshore wind farms, even if there are high-quality wind resources. By the end of this 
century, if extreme wind speed increases simultaneously by 20% from the 50-year wind speed U50, with load safety factor 
changed from 1.35 to about 1.7, consequently the initial capital costs could increase approximately by 12.2% because of 
the intensity change of tropical cyclones. The changing trend of lightning activities is undetected under climate change 
according to the IPCC, however, it has been projected to increase in many regions. Additionally, the increasing height of 
wind turbine and fast rotation of blades play key roles in initiating upward lightning strikes. Although storm surges, the 
secondary hazards of cyclones cannot be projected by the changes with the storm characteristic alterations, they are also 
likely to cause more risks to wind turbine towers and foundations in some coastal areas because of the continuously 
rising sea-level. The variation of sea ice potentially increases turbine wave loading, induces a collision against the wind 
turbine tower and foundation, and has an adverse effect on offshore structures.

The development of wind power is a key solution to cope with climate change. Climate change will be more likely to 
result in high frequency and intensity of extreme weather events, which has negative effects on wind power generation. 
According to the discussion in this paper, wind power is under the situation of increasingly urgent development. 
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