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CHAPTER 1

INTRODUCTION

1.1. Motivation and Problem Studied

1.1.1. State of The Art in Wind Energy

The Covid-19 pandemic had a significant impact on energy consumption worldwide, with

global energy and electricity consumption falling respectively by 4% (Figure 1) and 0.9% (Figure

3) in 2020 [2].

However, people across the world are putting in their best efforts to combat this pandemic.

As a result, the global economy is expected to improve in 2021. In particular, global energy

consumption is expected to rebound by 4.6% relatively to 2020, and global electricity consumption
is expected to increase by over 1000 TWh (4.5% increase) [2].
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Figure 1 Evolution of total primary energy consumption and energy-related CO2

emissions, relative to 2019 [Source: IEA (2021)[2]]
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Despite the decrease of global energy consumption due to the Covid-19 crisis, renewable
energy demand has remained robust. Renewable energy production capacity grew by 10.3% (261
GW) in 2020 [2][36] and is expected to grow by a further 8% in 2021.

Figure 2 show the share of renewable and power capacity expansion between 2001 and
2019. The share of renewables in global electricity generation capacity increased to 28.6% in 2020,
up from 26.9% in 2019 [55]. In 2021, it is expected to reach 8300TWh in 2021 (29.6%)[2].
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Figure 2 Renewable share of annual power capacity expansion [Souce: IRENA
Renewable energy statistics (2021) [55]]

Nowadays, renewable energy is developed for climate and energy supply security. The
largest sources of greenhouse gas (GHG) emissions from human activities are transportation and
burning fossil fuels for electricity generation [1]. Therefore, to limit global warming, the reduction
of the global greenhouse gas emission is vital. Renewable energy is typically local energy, exposed
to seasonal and time-to-day changes (weather). Solar PV and wind energy are the most promising
resources in the sector of renewable energy, and most importantly their lifecycle greenhouse-gases
emissions intensity is an order of magnitude smaller than fossil fuels in terms of grams of CO2-

equivalent emissions per kilowatt-hour (CO2-eq/kWh) [1].
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Solar PV and wind are expected to put up two-thirds of renewables’ growth. Renewable
electricity generation (see Figure 4) from wind uniquely is set to grow by 275 TWh (17% year-on-
year growth) in 2021, up from 175 TWh (12% year-on-year growth) in 2020 [2]. Meanwhile,
electricity generation from solar PV increased by 145 TWh (18% year-on-year growth) in 2021
(153 TWh (23% year-on-year growth) in 2020) [2].
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Figure 3 Change in electricity consumption in 2020 and 2021 [Source: Global Energy
Review 2021, IEA (2021) [2]]
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Figure 4 Renewable electricity generation growth by technology, 2019-2020 and 2020-
2021 [Source: Global Energy Review 2021, IEA (2021) [2]]

The global wind generating capacity has snowballed in Europe, Asia, and North America
since the beginning of the twenty-first century. Table 1 shows the total wind energy capacity,
offshore wind energy capacity and solar PV capacity for the year 2019 and 2020 worldwide, in
Europe, in Asia and in the North America. Indicatively, global wind energy and solar PV is on

track to record a significant increase in its capacity in 2020 from 2019 [37].

Table 1 Total global energy capacity (Source: IRENA Energy Statistics 2021 [55])

Wind Energy Capacity Offshore Wind Energy Solar Photovoltaic (PV)
(MW) Capacity (MW) Capacity (MW)
2019 2020 2019 2020 2019 2020
World 622 249 733 276 28 355 34 367 580 760 707 495
Europe 196 311 207 743 22 031 24 920 140 320 161 145
Asia 257 520 332 088 6 295 9418 328 553 406 283
North 1153575 | 139448 29 29 66660 | 82768
America
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1.1.2. Offshore wind energy resource: Capacity factor of wind turbines in the far-offshore

As already mentioned, wind energy is a rapidly growing power generation source. At
present, electricity is produced from wind energy using wind turbines. Even though wind farms
may be costly to build, the cost of energy is highly competitive (because wind energy is massively
available and free). Wind farms are also climate-friendly as the global lifecycle greenhouse-gases
emissions produced by wind turbines is typically 11 - 12 g CO2-eq per kWh of electricity [38],
here as fossil fuels produce approximately 600 g CO2-eq per kWh for oil-based power generation
and 1000 g CO2-eq per kWh for coal-based power generation [38].

Offshore wind represents a significant energy resource. The estimate of mean global ocean
wind power is 731 Wm™ [4], whereas it is 250 - 320 Wm™ onshore [11][42]. This is due to the very
low surface roughness at sea. This advantage results in higher wind speed and greater wind power
yield [6]. The global offshore wind power was potentially generate more than 420 000 TWh per
year [65]. Also, offshore wind is less concerned by space constraints and conflicts of uses that
could limit the deployment of onshore wind farms [5]. The UK has an enormous amount of offshore
wind capacity in Europe, with 45% of all installations. Germany is second with 34%, followed by
Denmark (8%), Belgium (7%) and the Netherlands (5%) [9]. In France, despite that offshore wind
energy development started 15 years ago, the first French offshore wind farm will only start
producing by 2022. The French offshore wind farm capacity is expected to reach 3.5GW in the
next 5 years. [8].
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Figure 5 Average simulated capacity factors reflect the availability of the global offshore
wind resources (Source: IEA, World Energy Outlook 2019 [65])

The capacity factor (CF, in %) is a key metric to quantify the energy performance of a
power generation source. It is defined as the ratio between the effective average power over a
given period and the nominal power. In terms of energy, this corresponds to the ratio of the actual
electrical energy produced by a system over a given period of time to the energy it would have

produced if it had operated at its nominal power during the same period.

The capacity factor of offshore wind farm is in the range 39% to 60% [7][10] to [15], with
a global fleet-wide average of 37% for operating wind farms [13]. According to [3], the capacity
factor of offshore wind will increase in the future, ranging from 36% to 58% in 2030 and 43% to
60% in 2050. As can be seen in Figure 5, capacity factors in the order of 60% may be achieved
along the Atlantic coast from Western France to Estonia and in the Pacific (West Coast) [10][16].
To date, most offshore wind farms are bottom-fixed. This technology limits the deployment to
shallow water. In order to address this issue, floating wind turbines have been developed and the
first commercial floating wind farms have been installed. Hywind Scotland (56% CF) [68][85] and
Kincardine are the biggest floating wind farms in the world. Hywind Scotland (see Figure 6) is

sited 25 km far from shore, with 108 m water depth using SPAR buoy-type foundation technology.
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The wind farm consists of five 6MW Siemens Wind Turbines with a total installed capacity of
30MW [68].

Figure 6 Hywind Scotland floating offshore wind farm (Source:
https://www.equinor.com/en/what-we-do/floating-wind/hywind-scotland.html)

The Kincardine (see Figure 7) wind farm is sited 15 km from shore at water depth ranging
60m to 80m using a semi-submersible foundation. The wind farm consists of one operating 2MW
wind turbine and an additional five 9.5MW MHI Vestas (expected commissioning in 2021) with a
total installed capacity of 50MW [9]. In the future, beating the records of Hywind Scotland and
Kincardine wind farms (in the UK), Hywind Tampen (in Norway, commissioning in 2022) will
have a total capacity of 88MW [9][69].
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