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A B S T R A C T   

Coastal areas committed to the development of affordable and clean energy sources can find significant means to 
achieve their decarbonization objectives in offshore wind technology for power generation. However, the 
development of this technology in island territories with small-scale isolated electrical systems faces technical 
constraints that, in turn, translate into economic limitations. The objective of this study is to determine offshore 
wind energy curtailment and its impact on the LCOE in island territories with small-scale isolated electrical 
systems. To accomplish this, the data of electrical energy demand and generation of onshore renewable energy 
and conventional energy over a year have been used, with the Canary Islands (Spain-EU) adopted as a case study. 
The regional government there has established total decarbonization of its economy by 2040 as the central axis of 
its energy policy. The results show percentages of offshore wind energy curtailment exceeding 35% and an in-
crease in the LCOE of up to 17%. One of the conclusions highlights the need for governmental action to neutralize 
this increase in the LCOE. This study sheds light on the technical and economic implications for government 
energy plans promoting the large-scale deployment of floating offshore wind facilities in island territories.   

1. Introduction 

In the 2015 Paris Agreement, the signatory parties agreed to achieve 
a net reduction of Greenhouse Gas emissions (GHG) to limit annual 
global warming (Feng et al., 2022; United Nations, 2015). The European 
Union (EU) presented the package called “Fit for 55″ to achieve climate 
neutrality by 2050 and achieve a net reduction of GHG by at least 55% 
compared to 1990 emissions by 2030 (The European Parliament and the 
Council of the European Union, 2023). In July 2021, the Commission 
presented Europe’s new 2030 climate targets; it seeks to increase the 
target to at least 40% renewable energy sources in the EU’s overall 
energy mix by 2030. In May 18, 2022, the Commission published the 
REPowerEU plan, which sets out a series of measures to accelerate the 
clean energy transition. The above are examples of energy policies 
aimed at climate neutrality, reflecting the importance of decarbonizing 
economies through the use of renewable energy sources. A significant 

portion of GHG emissions are produced in the generation of electrical 
power from fossil fuels (European Court of Auditors, 2017). An alter-
native for coastal territories is the generation of offshore wind energy. 
Offshore wind energy increased its cumulative deployed capacity be-
tween 2010 and 2021, from 3.1 GW to 55.7 GW (IRENA, 2022). Ac-
cording to forecasts from the International Renewable Energy Agency 
(IRENA, 2019), to meet the objectives of the Paris Agreement, the 
installed power of offshore wind electricity worldwide will need to be 
228 GW by 2030 and 1000 GW by 2050. According to the International 
Energy Agency (IEA, 2019), offshore wind energy will account for half of 
Europe’s electricity generation in 2050. The significant cost reduction 
experienced by offshore electricity generation technologies makes 
exploiting the great potential offered by offshore wind energy an 
excellent opportunity (Musial et al., 2022). 

Economic profitability is a key variable in the decision to invest in 
offshore wind power generation farms. The most commonly used mea-
sure to evaluate the economic profitability of an investment in power 
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generation facilities is the Levelized Cost of Energy (LCOE) (Pires et al., 
2022). The LCOE is calculated as the ratio between the sum of all costs 
incurred during the lifetime of an electricity generating plant and the 
sum of the actual amounts of energy generated (Martinez and Iglesias, 
2022). This index is usually expressed in annual terms and is used to 
compare profitability between different technologies for power gener-
ation (Tran and Smith, 2018). At the most basic level, the calculation of 
the LCOE obeys the expression shown in Eq. (1) (Aldersey-Williams and 
Rubert, 2019). 

LCOE =
Annual Fixed Cost + Annual Variable Cost

Annual Energy Generation

( €
MWh

)
(1) 

The expression shown in Eq. (1) corresponds to the one commonly 
used when calculating the LCOE for annual periods. Other expressions 
for the LCOE include the influence of monetary inflation over time (Loth 
et al., 2022). This is the case when the aim is to evaluate the investment 
over the entire life cycle of a project, which, being relatively long, is 
subject to inflationary monetary dynamics (Johnston et al., 2020). The 
adoption of the LCOE has become widespread as an indicator for 
decision-making in investments for power generation (Aldersey--
Williams and Rubert, 2019; Shen et al., 2020). 

In the case of floating offshore wind farms, there is not enough data 
on the values achieved by this variable. Globally, the development tra-
jectory of a floating offshore wind energy market continues at the pilot 
scale, totaling 123 MW floating offshore wind energy projects operating 
globally at the end of 2021 (Musial et al., 2022). Studies have been 
published that contribute to the evaluation of the LCOE in floating 
offshore facilities. Shen et al. (2020) conducted a comparison of the 
LCOE among different electricity floating generation technologies 
highlighting that there is a lack of a standard methodology for calcu-
lating the LCOE for variable renewable energy (VRE), which results in a 
high range of LCOE for each technology. Lerch et al. (2018) conducted a 
sensitivity study with 325 input parameters to identify which variables 
are most influential in calculating the LCOE for floating offshore wind 
farms, identifying the key parameters that have a significant influence 
on the LCOE; these are linked with manufacturing costs: wind turbine 
cost, substructure, and mooring system. Aldersey-Williams and Rubert 
(2019) obtained LCOE values for floating offshore generation in the 
range between 50 and 68 €/MWh, for an installation of 844 MW and a 
capacity factor of 48%. In a study on floating offshore installations, 
Maienza et al. (2020) evaluated different options and components in 
investment and maintenance analyzing Semi-Submersible Platform, the 
Spar Buoy and the Tension Leg Platform for 125 MW farms, at a distance 
of 165 km from the port, and 16 km from the coast, with depths between 
130 and 140 m, obtaining average LCOE values of 97.4 €/MWh. How-
ever, in the study by Clauser and Ewert (2018) for a 5 MW offshore wind 
farm, values of the LCOE for offshore wind electricity generation of 
between 123.4 and 172 €/MWh were obtained. The disparity of values is 
due to the fact that this is a novel technology, with little accumulated 
experience, and with high complexity of floating installations; therefore, 

detailed sensitivity and optimization studies must be carried out in each 
specific project to assess the feasibility of this type of projects (Barter 
et al., 2020; Chen and Hu, 2022). 

There are several factors that are not reflected in traditional LCOE 
calculations (Aldersey-Williams and Rubert, 2019; Sklar-Chik et al., 
2018), such as the variability of renewable energies since conventional 
backup electricity and/or storage is typically needed. This is an addi-
tional cost that is not accounted for in the LCOE of renewable energy. 
Furthermore, in markets with dynamic pricing models, the LCOE does 
not take into account price variation throughout the year. The envi-
ronmental benefits of using renewable energies are also not valued in 
the LCOE (Vargas-Salgado et al., 2022). Fuel supply risks and the 
volatility of fossil fuel prices are also not present in the LCOE, nor are 
regulatory risks (Partridge, 2018). Additionally, interest rates reflect the 
weighted cost of capital of an investment; setting a higher fixed interest 
rate for an LCOE calculation can favor low capital investment projects 
over high capital investment projects, such as the installation of floating 
offshore wind farms (Branker et al., 2011). Reichenberg et al. (2018), in 
their study on penetration levels of wind and solar energy, conclude that 
LCOE values increase considerably when the penetration of renewable 
energy in an electrical system is over 80%; this increase in LCOE is due to 
the incorporation of energy storage systems and the exponential growth 
of energy curtailment from this value onwards. 

From the energy demand perspective, in isolated electrical systems 
there can be situations of excess in energy supply when new VRE is 
incorporated. The security of electricity supply is one of the major 
problems that arise when the penetration of VRE in isolated electrical 
systems increases (Mohandes et al., 2019). In the literature, there are 
numerous studies on the response of electricity generation systems to 
abrupt variations caused by high contributions of VRE and their impact 
on grid stability. Pandey et al. (2013) conducted a state-of-the-art re-
view of power system types and their different control strategies for the 
stability of load-frequency based electrical systems. Wind energy fluc-
tuations are a major problem for managing electricity grids and micro-
grids, which can cause instabilities in grid frequency and voltage 
oscillations that require control (Ahn and Hur, 2022; Heetun et al., 
2016). Johnson et al. (2020) studied the stability of the electrical grid 
with high penetration of renewables; the fast frequency response of the 
inverters that form the network, along with other technological changes, 
could help mitigate the system’s low levels of inertia. The results showed 
that the displacement of conventional generation by renewable gener-
ators creates critical inertia situations and, as a result, of stability. Some 
authors have integrated frequency stability in their studies of electrical 
networks, concluding that a certain amount of synchronous generation 
is required for stability (Chang et al., 2016; Denholm and Hand, 2011). 
Tamrakar et al. (2017) studied the stability of the isolated electrical 
system in the Penghu Islands, subject to high penetration of renewable 
energies. To increase the penetration of renewable energies, they pro-
pose expanding the rapid response capacity through diesel engines, 
thereby improving the reliability and energy quality of the electrical 
system and letting smaller battery units as energy storage systems. The 
high penetration of renewable energy sources leads to changes in reg-
ulations, norms, and requirements that, being technically and econom-
ically necessary, need to be globally harmonized (Al-Shetwi et al., 
2020). 

Public institutions responsible for energy matters in isolated island 
territories with small-scale electrical systems are therefore facing a 
complex situation. On one hand, they must consider fulfilling the 
decarbonization objectives recommended or committed to in interna-
tional agreements. On the other hand, they must promote the develop-
ment of clean and affordable energy without compromising public funds 
that would result in a loss of services received by citizens (e.g. education, 
healthcare, neighborhood services); that is, public institutions must 
ensure that investments in renewable technologies are economically 
profitable or represent a minimal additional burden for the public 
treasury. Moreover, they must guarantee the security of electricity 
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supply to businesses and individuals, in such a way that the incorpora-
tion of renewable electricity into the network does not affect the sys-
tem’s stability. Therefore, the energy policies of these territories must 
balance the mutual influence between these dimensions. 

The purpose of this study is to analyze the technical and economic 
implications of planning offshore floating wind power in small isolated 
island electrical systems. This study is structured as follows: first, it 
justifies the adoption of the Canary archipelago (Spain-EU) as a case for 
analysis; next, it describes the analysis method adopted, which can be 
applied to the study of other island territories with small isolated elec-
trical systems. The results and discussion section reflects the application 
of the proposed method and its technical and economic implications for 
the study territory. Finally, in the conclusion section, aspects that may 
be relevant in defining the energy policy of island territories with small 
isolated electrical systems are presented. 

2. Materials and methods 

2.1. Description of the case study 

The proposed methodology will be applied to the real case of a Eu-
ropean archipelago, the Canary Islands (Spain-EU). This territory has 
been chosen because it is made up of several small isolated electrical 
systems. The Canary Islands are located in the Atlantic Ocean, off the 
northwestern coast of Africa, between 22◦ and 35◦ north latitude. There 
are seven main islands with a permanent population of 2,172,944 in-
habitants and an equivalent tourist population close to 300,000 in-
habitants (Institute of Statistics of Canary Islands, 2023a,b). In terms of 
electrical interconnection, the islands are isolated from each other 
(except in the case of the islands of Lanzarote and Fuerteventura, which 
are interconnected by a 50 MW capacity submarine cable). 

The Canary Islands have been the subject of several studies to 
analyze their potential for the installation of offshore wind farms 
(Abramic et al., 2021; Díaz and Soares, 2021; Schallenberg-Rodríguez 
and García Montesdeoca, 2018). The study by Díaz and Soares (2021) 
adopted a set of criteria to minimize environmental impacts and reduce 
conflicts between stakeholders in marine uses. Similarly, it reduced the 
potential for socio-economic controversies, derived mainly from the 
impact on tourism activities, by establishing minimum distances from 
the coast of more than 8 km for offshore wind facilities. It also ensured 
that there is no conflict between current and potential marine uses by 
establishing separation buffers of at least 1 km between the different 
uses assigned to marine areas. For the above reasons, the work of Díaz 
and Soares (2021) was adopted in our study as a reference for the 
location of optimal offshore wind farm sites. The study by Díaz and 
Soares (2021) identified two optimal maritime areas for the location of 
offshore wind farms that would only inject energy into the electrical 
system of the island of Gran Canaria (ES-GC), and into the electrical 
system of the islands of Fuerteventura and Lanzarote (ES-LZFV). The 
identified surfaces imply the need to incorporate floating offshore wind 
technology due to their great depths. In this work, these electrical sys-
tems are taken as reference, and the sizing of offshore wind installations 
is studied, taking into account the size of the electrical system into which 
they are going to inject energy. The sustainable energy strategy in the 
Canary Islands, developed by the regional government, has set a goal 
that by 2030 offshore wind power will be 200 MW in the ES-GC elec-
trical system and 100 MW in the ES-LZFV electrical system. The goals 
are more ambitious for the year 2040, with offshore wind power 
exceeding 800 MW in each system to contribute to the total decarbon-
ization of the Canary Islands’ economy (Government of the Canary 
Islands, 2022a). These values are intended to electrify sectors of activity 
heavily dependent on fossil fuels, such as land transport or the desali-
nation of seawater for domestic use, as well as the generation of green 
hydrogen for use, among others, in maritime transport. 

The electrical power capacity of the islands amounted to 3403 MW in 
2021 (Government of the Canary Islands, 2023). 73.8% of the electricity 

generation is produced by power plants that use fossil fuel (Government 
of the Canary Islands, 2023). Being an archipelago, it can benefit from 
the installation of offshore wind farms to increase the generation of 
electricity from renewable sources. This potential is enhanced by the 
fact that high seasonal wind regimes occur in some areas of the sur-
rounding offshore surface. 

The installed conventional and renewable electrical power between 
the years 2019 and 2021 in the two considered electrical systems are 
shown in Table 1. As can be seen, between the years 2019–2021 there 
has been no variation in conventional electrical power. On the contrary, 
onshore renewable electrical power has experienced an increase in that 
period of 27.2% in the ES-GC electrical system, and 53.8% in the ES- 
LZFV electrical system. 

In Table 2, the demand for electrical energy, the generation of con-
ventional electrical energy, and the generation of renewable electrical 
energy are shown monthly for the years 2019–2021 of the ES-GC elec-
trical system. It is observed that the monthly demand for electrical en-
ergy remains near 300 GWh and the contributions from renewable 
energies are higher in the summer months. The demand for electrical 
energy was affected in the years 2020 and 2021 due to the Covid-19 
pandemic. On the other hand, the proportion of onshore renewable 
electricity generation has been increasing in the three years considered, 
growing from 16.4% in 2019 to 21.5% in 2021. 

As shown in Table 2, onshore renewable energy generation is much 
higher in the summer months than in the winter months. This is due to 
the prevailing wind regime in each season. This high seasonality of wind 
energy generation in the studied electrical systems can be a limiting 
factor for the sizing of new offshore wind farms (Zheng et al., 2017). 
Fig. 1 shows the average and seasonal hourly profile of onshore 
renewable power generated in the ES-GC electrical system in 2021. 
Fig. 2 shows an estimate of the average hourly and seasonal wind speed 
at 100 m height in 2021 (Hersbach et al., 2023), for the offshore wind 
zone of the ES-GC electrical system (Díaz and Soares, 2021). As can be 
seen in Fig. 1, the average hourly generation of onshore renewable 
power was higher in the summer. Similarly, in Fig. 2 it is shown that the 
profile of the average offshore wind speed for offshore wind energy 
generation was higher in the summer. Therefore, there may be a higher 
percentage of offshore energy curtailment in the summer season. It is 
worth noting that this offshore wind speed profile is different from that 
of almost the entire region of 30◦–60◦N in the Northern Hemisphere, in 
which the highest speed regimes are reached in winter due to the in-
fluence from cold (Zheng et al., 2017). However, there is a broad 
coincidence with the wind power pattern in Central California Coast, 
which maximizes in spring and summer (Wang et al., 2019). 

In order to determine the balance between supply and demand of 
power in the ES-GC electrical system, data from the ISIOS database of 
the electrical system operator (REE, n.d.) was used, which shows the 
profile of hourly and seasonal power demand in 2019. As shown in 
Fig. 3, the demand for electrical power is quite homogeneous in the 
different seasons throughout the year. 

Fig. 2 shows that in the year 2021, in the offshore area of the ES-GC 
electrical system, although there were differences in the average wind 
speed for each season, the average hourly wind speed regime in each 
season remained with a certain stability. In the autumn, winter and 
spring seasons, the hourly average wind speed differences were mostly 
within the range of 1 m/s; while in summer, the maximum hourly dif-
ference in the average wind speed was within the range of 1.5 m/s. This 
homogeneity in seasonal wind speeds is a favorable factor to allow a 
stable operating regime of offshore wind turbines. It is worth noting that 
in winter, the season with the lowest wind speed, the average wind 
speed, estimated between 7 and 7.5 m/s, can be categorized as Wind 
Power Class 3–4, which implies a quality of site between good and very 
good. Under these conditions, the offshore wind farms can contribute to 
the energy mix of the ES-GC electrical system. These values contrast 
with those observed in almost the entire region of 30◦–60◦N in the 
Northern Hemisphere, with wind energy belonging to Class 7 (Zheng 
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et al., 2017). In contrast, during the summer, the average wind speeds in 
the offshore area of the ES-GC electrical system were mostly in the range 
between 11 and 12 m/s, which implies a quality of site Excellent-HI 
(Wind Power Class 7). This speed profile is different from that of the 

Northern Hemisphere in summer, where the ranges of the areas with 
wind energy of Class 7 over the westerly oceans are clearly smaller than 
those in January and April; wind energy over most of the oceans greater 
than 60◦N belongs to Class 3 (Zheng et al., 2017). 

Table 1 
Installed electrical power in the ES-GC and ES-LZFV electrical systems (years 2019–2021). Source: Government of the Canary Islands (2023).    

ES-GC ES-LZFV 

Technology Electrical Power (MW) Electrical Power (MW) 
2019 2020 2021 2019 2020 2021 

Conventional 999.18 (83.3%) 999.18 (81.0%) 999.18 (79.5%) 419.28 (85.4%) 419.28 (83.8%) 419.28 (79.2%) 
Renewable Onshore wind 159.30 (13.3%) 193.94 (15.7%) 205.24 (16.5%) 50.96 (10.4%) 60.16 (12.0%) 89.36 (16.8%) 

Photovoltaic 40.62 (3.4%) 40.70 (3.3%) 49.14 (4.0%) 20.77 (4.2%) 20.77 (4.2%) 20.94 (4.0%) 
Total 1199.10 1233.82 1258.56 491.01 500.21 529.58  

Table 2 
Monthly evolution of the demand and generation of electricity in the ES-GC electrical system (years 2019–2021). Source: ISIOS database of the electrical system 
operator (REE, n.d.).  

Month 2019 2020 2021 

Electricity 
demand 
(GWh) 

Electricity 
generation from 
conventional 
sources (GWh) 

Electricity 
generation 
from 
renewable 
sources (GWh) 

Electricity 
demand 
(GWh) 

Electricity 
generation from 
conventional 
sources (GWh) 

Electricity 
generation 
from 
renewable 
sources (GWh) 

Electricity 
demand 
(GWh) 

Electricity 
generation from 
conventional 
sources (GWh) 

Electricity 
generation 
from 
renewable 
sources (GWh) 

January 265.31 242.87 22.44 295.43 271.50 23.93 262.76 223.31 39.46 
February 290.57 242.10 48.47 269.86 227.48 42.38 235.00 203.58 31.42 
March 273.95 236.53 37.43 276.72 224.83 51.89 262.14 211.33 50.80 
April 284.91 232.98 51.93 229.99 196.15 33.84 253.19 218.09 35.10 
May 277.89 234.95 42.94 243.09 201.51 41.58 263.02 177.23 85.80 
June 299.43 218.87 80.56 251.87 200.67 51.20 261.45 175.57 85.87 
July 304.99 229.05 75.94 281.21 201.84 79.37 284.71 197.97 86.74 
August 292.40 237.67 54.73 290.01 204.80 85.21 288.37 202.97 85.40 
September 306.34 262.02 44.32 281.28 229.51 51.76 288.07 229.76 58.31 
October 289.07 234.57 54.50 280.40 230.24 50.16 290.90 226.30 64.60 
November 292.93 264.91 28.02 268.74 243.20 25.55 277.49 238.47 39.02 
December 265.31 242.87 22.44 268.03 237.39 30.64 284.01 247.36 36.65  

Total 3472 2903 568 3237 2669 568 3251 2552 699 
Percentage  83.6% 16.4%  82.5% 17.5%  78.5% 21.5%  

Fig. 1. Average hourly and seasonal onshore renewable power in the ES-GC electrical system (year 2021). Source: ISIOS database of the electrical system operator 
(REE, n.d.). 
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The relative influence of the average hourly and seasonal wind speed 
on the average hourly and seasonal onshore renewable power in the ES- 
GC electrical system in the year 2021 can be observed in Fig. 1. Although 
there are differences between offshore and onshore wind speeds, the 
profiles show the different average contribution of onshore wind farms 
in the different seasons. Summer, with higher seasonal winds, is the 
season in which more onshore renewable power was generated in the 
ES-GC electrical system; in contrast to winter, where the lower average 
wind speed meant a lower contribution of onshore renewable power. 
The hourly evolution of the profiles show how the electricity system 
operator adapted the penetration of onshore renewable power in the ES- 

GC electrical system to the hourly demand. It should be noted that the 
profiles in Figs. 1 and 2 can be compared with each other, since they 
were obtained from data corresponding to the year 2021. However, 
these profiles cannot be compared with those in Fig. 3, since the latter 
correspond to electrical power demand data for the year 2019. The 
electrical power demand for the year 2021 was not taken into consid-
eration due to distortions related to the effects of the Covid-19 
pandemic. 

Table 3 shows the monthly demand for electrical energy, generation 
of conventional electrical energy, and onshore renewable electrical en-
ergy generation during the years 2019–2021 for the ES-LZFV electrical 

Fig. 2. Profile of the average hourly and seasonal wind speed in the offshore area of the ES-GC electrical system (year 2021). Source: Hersbach et al. (2023).  

Fig. 3. Profile of the average hourly and seasonal electrical power demand in the ES-GC electrical system (year 2019). Source: ISIOS database of the electrical system 
operator (REE, n.d.). 
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system. The evolution of this electrical system was similar to that of the 
ES-GC electrical system, noting that the contributions from renewable 
energies were higher in the summer months and that the demand for 
electrical energy has been slowly recovering during the year 2021, after 
the Covid-19 crisis. The proportion of renewable electrical energy gen-
eration has been increasing over the three years considered, growing 
from 10.4% in 2019 to 14.9% in 2021. 

Unlike the demand for electrical power in the ES-GC electrical sys-
tem, which is quite homogeneous throughout the year, the demand for 
electrical power in the ES-LZFV electrical system has a more seasonal 
character. This is largely due to the greater weight of the tourism sector 
in the economy of the islands that are part of the ES-LZFV electrical 
system. Fig. 4 shows the evolution of the hourly and seasonal electrical 
power demand in the ES-LZFV electrical system during 2019. The de-
mand for electrical power increases in the summer months and 

decreases in the winter months. In turn, just like in the ES-GC electrical 
system, it experiences significant variations during the hours of the day. 
Demand was lower in the early hours of the day. The two maximum 
values of electrical demand occur between 12 and 14 h, and between 19 
and 21 h. The most significant difference in the demand for electrical 
power between the two electrical systems lies in the quantities deman-
ded in each electrical system. The peak demand for electrical power in 
the ES-LZFV electrical system during 2019 was always lower than the 
minimum demand for electrical power in the ES-GC electrical system. 
On average, the demand for electrical power in the ES-GC electrical 
system was twice as high as the demand for electrical power in the ES- 
LZFV electrical system. These differences are attributed to the smaller 
population of the islands that comprise the ES-LZFV electrical system, as 
well as to their lower economic activity (Institute of Statistics of Canary 
Islands, 2023a,b). 

Table 3 
Monthly evolution of demand and electricity generation in the ES-LZFV electrical system (years 2019–2021). Source: ISIOS database of the electrical system operator 
(REE, n.d.).  

Month 2019 2020 2021 

Electricity 
demand 
(GWh) 

Electricity 
generation from 
conventional 
sources (GWh) 

Electricity 
generation 
from 
renewable 
sources (GWh) 

Electricity 
demand 
(GWh) 

Electricity 
generation from 
conventional 
sources (GWh) 

Electricity 
generation 
from 
renewable 
sources (GWh) 

Electricity 
demand 
(GWh) 

Electricity 
generation from 
conventional 
sources (GWh) 

Electricity 
generation 
from 
renewable 
sources (GWh) 

January 132.26 123.71 8.55 131.15 122.56 8.60 100.92 91.03 9.89 
February 117.30 108.95 8.35 122.64 111.66 10.98 85.48 77.39 8.09 
March 127.36 116.63 10.73 113.28 100.66 12.62 94.77 82.85 11.92 
April 122.88 107.98 14.90 81.56 72.24 9.32 91.75 82.92 8.83 
May 127.20 109.77 17.43 85.08 72.94 12.15 96.79 74.55 22.24 
June 127.24 114.00 13.24 87.36 75.48 11.88 99.88 78.53 21.35 
July 136.99 114.83 22.17 107.57 88.36 19.21 116.74 87.69 29.05 
August 144.25 124.77 19.48 118.90 98.31 20.59 127.54 103.47 24.08 
September 136.81 125.59 11.22 108.31 97.40 10.91 125.37 108.78 16.58 
October 137.62 126.71 10.91 103.41 92.81 10.60 127.41 111.46 15.95 
November 129.15 113.69 15.46 100.22 93.05 7.18 121.20 107.98 13.22 
December 130.03 119.87 10.16 104.73 96.03 8.69 124.18 109.95 14.22  

Total 1569 1406 163 1264 1121 143 1312 1117 195 
Percentage  89.6% 10.4%  88.7% 11.3%  85.1% 14.9%  

Fig. 4. Profile of the average hourly and seasonal power demand in the ES-LZFV electrical system (year 2019). Source: ISIOS database of the electrical system 
operator (REE, n.d.). 
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2.2. Methodology 

The information provided by the National Renewable Energy Labo-
ratory (King et al., 2004) was adopted as a reference for calculating the 
transformation of wind speed into electrical power output in an offshore 
wind turbine. The power curve corresponding to a normalized gener-
ator, as shown in Annex A, was adopted. The losses in the generation, 
transportation and transformation of the electrical energy generated in 
the offshore wind turbines, which reduce the electrical energy dumped 
into the electrical system were evaluated. For this purpose, the study by 
Musial et al. (2016) was taken as reference, which, based on previous 
research, established likely minimum and maximum values for losses of 
10.6% and 21.3% respectively, corresponding to marine geographic 
locations at the most and least advantageous extremes for energy re-
covery. The losses contemplated are as follows: (a) wake losses (4%– 
12%) arising from effects on wind flow due to interactions between 
turbines (Musial et al., 2016); (b) Joule losses (1%–5%) in the electrical 
wires discharging energy into the onshore grid (Beiter et al., 2016); (c) 
downtime losses (4%) that may be due to adverse weather conditions, 
technical service problems or the unavailability of land-based infra-
structure (Mone et al., 2015); (d) other losses (2%) that may be due to 
unforeseeable factors, such as facility accidents and underperformance, 
among others (Beiter et al., 2016). The meteorological data of the 
offshore wind areas were extracted from the ERA5 databases (Hersbach 
et al., 2023). 

The incorporation of new VRE into an isolated electrical system must 
comply with a series of limitations. There must be a balance between 
demand and electrical generation at all times. The demand for electrical 
energy is considered an input variable and the system operator must 
cover this demand with different generation technologies. Preferably, 
renewable energy is incorporated first. Once electrical energy genera-
tion through renewable sources is completed, energy from conventional 
sources must be incorporated. 

The security of the electrical supply in isolated systems can be 
compromised when the penetration of renewables is high (Mohandes 
et al., 2019). The system operator can limit the contribution of renew-
able energy to a maximum, in order to always have controllable con-
ventional generators to cover any energy fluctuation. In the electrical 
systems of the Canary Islands, the reserve to ensure stability is carried 
out by conventional power plants in most electrical systems, with the 
range between 20% and 25% of the power demanded (Garcia Latorre 
et al., 2019). Since practically all the Canary Islands have isolated 
electrical systems, any configuration with VRE will not be able to supply 
100% of the electrical demand securely if the electrical system operator 
does not have dispatchable (conventional) electrical energy generators 
or energy storage systems. In the two electrical systems studied (ES-GC 
and ES-LZFV), there are currently no electrical energy storage systems, 
with only conventional generators available to ensure the stability of the 
electrical systems. For calculation purposes, the electricity demand 
corresponding to the year 2019 has been used as a reference. The reason 
for using that year as a reference, despite having more recent official 
demand data, is that the demand for electricity was significantly dis-
torted during the years 2020 and 2021, as a result of the effects on 
consumption during the Covid 19 pandemic. However, since onshore 
renewable electrical power has been increasing in recent years, the 
values corresponding to the year 2021, the last for which official data 
are available, have been used as a reference for calculation. 

To analyze the sizing of offshore wind farms in the case under study, 
two scenarios have been assumed, without energy storage.  

a) with restriction, where 25% of the instantaneous electrical demand is 
reserved for dispatchable electrical generation (conventional 
generation);  

b) without restriction, where the 25% demand reserve is eliminated. In 
this latter scenario, renewable sources will be able to meet the total 
demand for electrical energy. 

These two scenarios will be analyzed in three areas of study.  

1. The ES-GC electrical system, which comprises the island of Gran 
Canaria;  

2. The ES-LZFV electrical system, which comprises the islands of 
Fuerteventura and Lanzarote;  

3. The existence of a project to interconnect the two electrical systems 
studied (Lobato et al., 2017) makes it advisable to study the possi-
bility of considering both electrical systems as a single entity (ES-GC 
and ES-LZFV). This is a project under study by the electrical system 
operator. The regional government acknowledges in a document on 
energy transition planning (Government of the Canary Islands, 
2022b) that it is not realistic that the option of connecting the ES-GC 
and ES-LZFV electrical systems by cable can be implemented in the 
Canary Islands by 2030, since the technical feasibility of this solution 
has not been demonstrated. However, this possibility is left open in a 
scenario after that year. In the hypothetical case that the technical 
feasibility would allow the interconnection of the two electrical 
systems, taking into account the superior value of offshore wind 
energy that can be injected into the ES-GC electrical system, only the 
contribution of offshore wind energy generation from this system 
will be considered. In turn, in case of interconnection between the 
two electrical systems, there would be a power limitation in sending 
electricity from the ES-GC electrical system to the ES-LZFV electrical 
system defined by the capacity of the submarine cable, which is ex-
pected to be 200 MVA. 

The incorporation of new offshore wind energy will only be able to 
displace conventional generation that does not form part of the reserve 
to maintain supply security. For calculations, the generation of electrical 
energy through currently existing onshore wind and photovoltaic energy 
is considered. With these premises, the renewable electrical power obeys 
Eq. (2): 

PRE =PONW + PPH + POFFW (2)  

where PRE is the renewable electrical power; PONW is the onshore wind 
electrical power; PPH is the electrical power from onshore photovoltaic 
sources, and POFFW is the new offshore wind electrical power that is 
intended to be added to the electrical system under study. 

There can be two situations between electrical supply and demand.  

1) Renewable electrical power does not meet the total demanded 
electrical power.  

2) Renewable electrical power exceeds the total demanded electrical 
power. 

2.2.1. Scenario (a). The electrical system operator restricts the penetration 
of renewable electrical energy (a 25% demand reserve for controllable 
electrical generation) 

The first situation is studied where the renewable electrical power 
does not cover the total electrical power demanded. Eq. (3) reflects this 
condition. 

PED >PRS + PRE (3)  

where PED is the electrical power demanded at a moment; PRS is the 
reserve electrical power for supply security (25% of PED); PRE is the 
existing renewable electrical power at a moment. To maintain the bal-
ance between demand and supply of electrical power, a positive value 
corresponding to conventional electrical power should be added to the 
inequality, as shown in Eq. (4): 

PED =PRS + PRE + PCO (4)  

where PCO is the conventional electrical power added to the electrical 
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system at a moment. The sum of PRS and PCO is the total conventional 
electrical power necessary at a moment. 

The second situation is studied where the reserve electrical power 
and the renewable electrical power surpass the total electrical power 
demanded. Eq. (5) reflects this condition. 

PED <PRS + PRE (5) 

In order to maintain the balance between electrical demand and 
supply, the electrical power from renewable sources should be reduced 
until equality is achieved, which can be expressed by Eq. (6): 

PED =PRS + α • PRE (6)  

where the coefficient α represents a value (0< α < 1)) to achieve 
equality in Eq. (6). The value of the α coefficient represents the fraction 
of renewable electrical power that can be injected into the electrical 
system in each hour. This value depends on the existing wind regime 
(onshore and offshore wind energy), the incidence of solar energy 
(photovoltaic energy) and the electricity demand. Its behavior does not 
show a defined evolution as it is influenced by factors independent of 
each other and with a high hourly and seasonal variability. In relation to 
the prevailing wind regime in the Canary Islands, higher α coefficient 
values are expected in the winter months, when wind speeds are, on 
average, lower; on the contrary, lower α values are expected during the 
summer months, characterized by higher average wind speeds (Fig. 2). 
In relation to the incidence of solar energy, lower values of the α coef-
ficient are expected in the central hours of the day, coinciding with the 
hours of highest insolation. Taking hourly electricity demand as a 
reference, higher α coefficient values are expected in the central hours of 
the day and early evening, coinciding with peak electricity demand 
(Figs. 3 and 4). Through the α coefficient, the renewable electrical power 
curtailment can be calculated, defined as shown in Eq. (7): 

PEE =(1 − α) • PRE (7)  

where PEE is the renewable electrical power curtailment. The value of 
PEE will directly affect the results of the LCOE calculation for all 
renewable electricity facilities, causing them to decrease their economic 
profitability. 

2.2.2. Scenario (b). The system operator does not restrict the penetration of 
renewable electricity 

The first situation is studied where the renewable electrical power 
does not satisfy the total demanded electrical power. Eq. (8) reflects this 
condition. 

PED > PRE (8) 

To maintain the balance between demand and supply of electrical 
power, a positive value corresponding to the conventional electrical 
power must be added to the inequality, as shown in Eq. (9): 

PED =PRE + PCO (9) 

The second situation is studied where the renewable electrical power 
surpasses the total demanded electrical power. Eq. (10) reflects this 
condition. 

PED < PRE (10) 

To maintain the balance between demand and supply of electrical 
power, the electrical power from all renewable sources must be 
decreased until equality is achieved, which can be expressed by Eq. (11): 

PED = α • PRE (11)  

Where the coefficient α represents a value (0< α < 1) to achieve 
equality in Eq. (11). Through this coefficient, the renewable electrical 
power curtailment can be calculated, defined as shown in Eq. (7). 
Analogously to scenario (a), the renewable electrical power curtailment 

will directly impact the economic profitability of all renewable energy 
generation facilities, as it increases the LCOE values. 

The impact of offshore wind farms in the three areas of study has 
been analyzed. The conventional and renewable electrical power data in 
the two electrical systems considered in 2021 have been adopted 
(Table 1). To assess the technical and economic efficiency of the new 
offshore wind energy facilities, it has been considered that these do not 
have a defined electrical power, but rather a range of electrical power is 
studied. The new offshore wind farms have been dimensioned in a range 
from 0 MW to 800 MW. The evaluation of the results has been carried 
out on an hourly basis, in order to adequately consider the demand and 
supply data provided by the electrical system operator. 

3. Results and discussion 

3.1. Study of the ES-GC electrical system 

The average annual capacity factor of offshore wind generation in 
the sea surface linked to the ES-GC electrical system has been evaluated. 
The power curve of a standardized generator (King et al., 2004), whose 
reference data are shown in Annex A, has been adopted. The wind speed 
profile is different each year, so the capacity factor also varies for each 
year. An average annual capacity factor was obtained for the sea surface 
linked to the ES-GC electrical system of 42.23% in 2021. This value 
adequately fits the average capacity factor values of offshore wind fa-
cilities analyzed by IRENA (2019). 

Fig. 5 shows the variations in the percentage of renewable and 
conventional electrical energy generation when offshore wind power is 
added. The ordinate at the origin represents the percentage of onshore 
renewable energy generation (there is no installed offshore) and con-
ventional generation with the adopted data. As the contribution of 
offshore electrical power increases, only the percentage of conventional 
electrical energy generation decreases. The results are shown for the two 
scenarios (with and without restriction). The results under the restric-
tion scenario never lead to a contribution of renewable electrical energy 
higher than 60%. However, in the no-restriction scenario, a contribution 
of renewable electrical energy slightly above 70% can be reached. 

Fig. 6 reflects the evolution of the percentage of offshore renewable 
energy curtailment in the ES-GC electrical system due to the incorpo-
ration of new offshore wind power, for the two proposed scenarios. In 
the first scenario considered, with restriction by the electrical system 
operator to the penetration of renewable electrical energy, it is observed 
that there would be an excess of available offshore wind energy starting 
from 100 MW power in an offshore wind farm. Up to this power value, 
all generated offshore wind energy could be absorbed by the electrical 
system. However, in this scenario, if the offshore wind power rose to 
200 MW, there would be a percentage of offshore energy curtailment in 
the system of around 7%. This percentage of offshore energy curtailment 
would continue to increase as more offshore wind electrical power is 
added, possibly reaching 58% if an 800 MW offshore wind farm is 
installed. 

In the case that the second scenario is considered, that is, without 
restriction by the electrical system operator to the penetration of 
renewable electrical energy, there would not be an excess of available 
offshore wind energy in the electrical system until a power value of 200 
MW offshore wind is reached. From this value, the percentage of 
offshore energy curtailment would continue to grow up to values around 
41% if an 800 MW offshore wind farm is installed. 

The regional government’s energy strategy envisages the deploy-
ment of up to 200 MW of offshore wind power by 2030 for the ES-GC 
grid (Government of the Canary Islands, 2022a). According to this 
plan, the offshore wind electrical energy can be incorporated into the 
system if the electrical system operator eliminates the currently existing 
restriction on the incorporation of renewable electrical energy. Other-
wise, there would be an excess of energy that would have to be utilized 
through storage in order to avoid shutdowns in the operation of the 
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offshore wind farm for reasons of network stability. If not, such stop-
pages would mean less energy generated and, therefore, higher LCOE 
values. The storage capacity that would be required based on the elec-
trical output of the offshore wind farm can be calculated from the per-
centages of non-useable offshore energy shown in Fig. 6. 

The goal proposed by the regional government of the Canary Islands 
for the year 2040 raises the offshore wind electrical power in the ES-GC 
electrical system to 1090 MW. With this data, the percentage of offshore 
wind energy curtailment would even be higher than calculated. 

However, it should be noted that the results in Fig. 6 correspond to 
annual average values. As shown in Fig. 7, in a scenario without re-
striction by the electrical operator and with an offshore wind farm of 
200 MW power, the highest offshore wind energy curtailment would 
occur during the spring and summer months. Fig. 8 shows the offshore 
wind energy curtailment by seasons of the year and by hours of the day. 
The highest percentage of offshore wind energy curtailment is concen-
trated in the early hours of the day, when energy demand is lower, and 
in the months of spring and summer, coinciding with the highest 

Fig. 5. Percentages of annual electrical energy generation with and without restriction from conventional and renewable energy sources based on the electrical 
power of the offshore wind farm (Demand in year 2019; Onshore renewable and conventional generation in year 2021) in the ES-GC electrical system. 

Fig. 6. Percentage of non-useable offshore wind energy with and without restriction in the ES-GC electrical system based on the electrical power of the offshore wind 
farm (Demand in year 2019; Onshore renewable and conventional generation in year 2021). 
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seasonal wind regime. 

3.2. Study of the ES-LZFV electrical system 

The average annual capacity factor of offshore wind energy in the sea 
surface associated with the ES-LZFV electrical system has been evalu-
ated. A standard generator power curve (King et al., 2004), whose 
reference data are shown in Annex A, was adopted. The wind speed 
profile is different each year, therefore, the capacity factor also varies 
each year. An average annual capacity factor for the sea surface corre-
sponding to the ES-LZFV electrical system of 43% was obtained in 2021. 

This value is adequately adjusted to the average capacity factor values of 
the offshore wind facilities analyzed by (IRENA, 2019). 

Fig. 9 shows the results when new offshore wind electrical power is 
added to the ES-LZFV. The incorporation of new offshore wind farms 
could lead to a decrease in conventional generation from 88% to 24% in 
a scenario without restriction by the electrical system operator. 

In Fig. 10, for the two scenarios considered (with and without re-
striction), the results on the percentage of offshore wind energy 
curtailment are shown as a function of the electrical power of a new 
offshore wind farm. Under the scenario of security restriction in the 
supply of electrical energy, a percentage of offshore energy curtailment 

Fig. 7. Monthly offshore wind energy curtailment assuming the operation of a 200 MW offshore wind farm in a scenario without restriction in the ES-GC elec-
trical system. 

Fig. 8. Seasonal and hourly average offshore wind energy curtailment for a 200 MW offshore wind farm in a scenario without restriction in the ES-GC elec-
trical system. 
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begins to appear with a 50 MW offshore wind farm. In the scenario 
without restriction, the percentage of offshore wind energy curtailment 
arises when the offshore wind farm reaches 100 MW. It can be inferred 
that, for an 800 MW offshore wind farm, a percentage of offshore energy 
curtailment of about 64% can be produced in a scenario with restriction, 
and 53% in the scenario of no restriction. 

The regional government’s energy strategy envisages the deploy-
ment of up to 100 MW of offshore wind power by 2030 for the ES-LZFV 
grid (Government of the Canary Islands, 2022a). According to this plan, 

a percentage of offshore energy curtailment of less than 1% would occur, 
assuming a scenario with restriction. However, in the second scenario, 
without restriction from the electrical system operator to the penetra-
tion of renewable electrical energy, there would be no percentage of 
offshore wind energy curtailment in the ES-LZFV electrical system. The 
planning of the regional government of the Canary Islands for the year 
2040 includes the installation of 860 MW of electrical power in offshore 
wind farms in the ES-LZFV electrical system (Government of the Canary 
Islands, 2022a). With these values, the percentage of offshore energy 

Fig. 9. Percentages of annual electrical energy generation with and without restriction from conventional and renewable energy sources based on the electrical 
power of the offshore wind farm (Demand in year 2019; Onshore and conventional renewable generation in year 2021) in the ES-LZFV electrical system. 

Fig. 10. Percentage of non-useable offshore wind energy with and without restriction in the ES-LZFV electrical system based on the electrical power of the offshore 
wind farm (Demand in year 2019; Onshore renewable and conventional generation in year 2021). 
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curtailment would be higher than 50% in both scenarios, as shown in 
Fig. 10. 

3.3. Study of the interconnected ES-GC and ES-LZFV electrical systems 

The electrical energy currently generated in the ES-GC electrical 
system is much higher than that generated in the ES-LZFV electrical 
system. If both systems were interconnected, it could happen that the 
ES-GC electrical system would provide all the electrical energy deman-
ded by the ES-LZFV electrical system. In this case, the capacity of the 
interconnection cable (200 MVA) is the factor that limits the power that 
can be supplied to the ES-LZFV electrical system from the ES-GC elec-
trical system. In case of interconnection, if the electrical energy required 
by the ES-LZFV electrical system would be greater than what could be 
conveyed by the cable, it would be necessary to provide conventional or 
renewable electrical energy from the ES-LZFV electrical system itself. 

Fig. 11 shows the variations in the percentages of conventional and 
renewable electrical generation in the case of the two electrical systems 
being interconnected and the electricity from a hypothetical offshore 
wind farm with different power values being added. Assuming an 800 
MW offshore wind farm, the penetration of renewables would be around 
53% in the restriction scenario and around 64% in the no restriction 
scenario. 

Fig. 12 shows, for the two scenarios considered, the results on the 
percentage of offshore wind energy curtailment as a function of the 
electrical power of a new offshore wind farm which discharges energy 
into the ES-GC electrical system and it is connected to the two linked 
electrical systems. Under the scenario of safety restriction in the supply 
of electrical energy, a percentage of offshore energy curtailment arises 
with a 200 MW offshore wind farm. However, in the scenario of no re-
striction, the percentage of offshore energy curtailment arises with a 
300 MW offshore wind farm. It can be inferred that for an 800 MW 
offshore wind farm, the percentage of offshore wind curtailment could 
increase to around 40.5% in the restriction scenario and around 22% in 
the no restriction scenario. These values are lower than those obtained 
considering the two electrical systems isolated from each other. There-
fore, the project to connect both electrical systems, if technically 
feasible, would result in a higher penetration of renewable energy. 

The energy strategy of the regional government envisages the 
deployment of 300 MW of offshore wind electrical power for the year 
2030 combining the two electrical systems. It can be deduced that in a 
scenario of restriction by the electrical operator, there would be an 
offshore wind energy curtailment percentage of around 4%. On the 
contrary, in the case of no restriction by the electrical operator, the 
regional government’s planning for 2030 would coincide with the value 
at which, on average, there would be no offshore wind energy curtail-
ment percentage. In the case of the planning expected for 2040, with a 
total of 1950 MW of offshore wind electrical power between both 
electrical systems, the percentage of offshore energy curtailment would 
exceed the calculated, which has been carried out considering a 
maximum installation of 800 MW of electrical power in offshore wind 
farms. 

3.4. Influence of the offshore wind energy curtailment percentage on the 
LCOE 

The response of the electrical operator of the Canary Islands when 
there are episodes of available renewable energy that cannot be injected 
into the electrical grid is to stop the operation of existing onshore wind 
or photovoltaic farms. In this situation, the energy curtailment that 
would occur in the analyzed electrical systems as a result of incorpo-
rating offshore wind energy would be a loss because it could not be 
incorporated into the system. As a result, not only would the technical 
performance of the new offshore facilities be affected, but also the 
economic performance. Eq. (1) reflects that, in the case of investment in 
offshore wind farms, the numerator remains unchanged due to the ex-
istence of fixed and variable operating costs that do not change even 
when no energy is generated. In this case, as the wind is the primary 
energy source, there are no variable costs for the consumption of pri-
mary energy, as is the case with conventional facilities. Eq. (1) also 
shows that the denominator decreases when the annual electricity 
injected into the system is reduced by the presence of an offshore energy 
curtailment. These circumstances lead to an increase in the LCOE, which 
could represent a significant obstacle to investment in offshore wind 
farms, thus reducing their competitiveness against conventional gener-
ation facilities. 

Fig. 11. Percentages of annual electrical energy generation with and without restriction from conventional and renewable energy sources based on the electrical 
power of the offshore wind farm (Demand in year 2019; Onshore and conventional renewable generation in year 2021) in the interconnected electrical systems. 
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Relating Eq. (1) to the results obtained, it is possible to deduce the 
evolution of the increase in LCOE based on the percentage of offshore 
wind energy curtailment. As shown in Fig. 13, when all offshore wind 
energy is utilized, there is no increase in the value of the LCOE of the 
facility. On the contrary, as the percentage of offshore wind energy 
curtailment increases, the value of the LCOE increases. Knowing the 
shape followed by this evolution can be a relevant source of information 
for calculating the new offshore wind electrical power to be installed. 
However, this increasing evolution of the LCOE could be mitigated if 
energy storage systems were incorporated into the electrical systems. 
Even so, the LCOE would increase because the costs of investment, 

operation, maintenance and decommissioning of the storage systems 
must be included in the LCOE calculation. 

Table 4 summarizes the economic implications of incorporating new 
offshore wind farms into the electrical systems of the territory studied. 
Different electrical powers of the offshore wind farms in the ES-GC 
electrical system, the ES-LZFV electrical system, and the joint elec-
trical system assuming a connection cable between both (ES-GC and ES- 
LZFV) are considered. Depending on the electrical power, percentage 
values of offshore wind energy curtailment are obtained under the 
consideration of a scenario with restriction or without restriction. 
Likewise, depending on the electrical power, LCOE increment factors are 

Fig. 12. Percentage of non-useable offshore wind energy with and without restriction, assuming interconnected electrical systems, based on the electrical power of 
the offshore wind farm (Demand in year 2019; Onshore and conventional renewable generation in year 2021). 

Fig. 13. Increase factor of the LCOE based on the percentage of offshore wind energy curtailment.  
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obtained under the consideration of a scenario with or without restric-
tion. These LCOE increment factor values are used as a multiplier for the 
LCOE values obtained in the studies by Aldersey-Williams and Rubert 
(2019), and Clauser and Ewert (2018). These studies were chosen as a 
reference because they reflect the lowest and highest estimates of the 
LCOE for floating1 offshore wind farms among the consulted literature. 
These extreme values of LCOE estimates represent the most and least 
favorable ranges for comparing the cost of conventional energy with the 
cost of floating offshore wind energy. The obtained values, under the 
consideration of a scenario with or without restriction, are compared 
with the average cost of electricity generation through conventional 
energy that would be displaced by offshore wind energy.2 Adopting the 
LCOE values from the study by Aldersey-Williams and Rubert (2019), 
the deployment of offshore wind farms could mean generating elec-
tricity at costs lower than those of electrical generation using conven-
tional facilities. However, according to the estimates from the study by 
Clauser and Ewert (2018), the installation of offshore wind farms could 
mean generating electricity at costs higher than those of electricity 
generation using conventional energy. 

Spanish citizens pay the same amount for electricity regardless of 
their place of residence. In the case of the territory under study, elec-
tricity prices are subsidized. Table 5 shows the average electricity prices 
in Spain during the years 2017–2021. A certain homogeneity in average 
prices can be observed during the period from 2017 to 2019. In 2020 
there was a decrease in the average price compared to previous years as 
a result of lower electricity demand due to the effects of the Covid-19 
pandemic. In 2021, there was a growth in prices due to the incipient 
post-pandemic economic recovery and the shortage of oil supply in in-
ternational markets. Comparing the values of the average cost of elec-
tricity generation through conventional energy and the values in 
Table 5, electricity consumers in the ES-GC and ES-LZFV electrical sys-

tems pay a price for electricity lower than the costs of conventional 
generation. Thus, the subsidy is mainly intended to compensate for 
conventional electricity generation costs; that is, it primarily compen-
sates for the consumption of fossil fuels as primary energy. Given this 
situation, a political action could be to gradually allocate this subsidy to 
promote investment in renewable energies and storage systems, thereby 
contributing to achieving decarbonization objectives. 

In view of the results obtained, technical and economic implications 
have become evident that point to aspects that should be considered in 
the energy policy of island territories with isolated electrical systems 
that are planning the deployment of offshore wind energies. Offshore 
wind energy brings with it problems of penetration capacity in these 
electrical systems. Moreover, due to its high variability, offshore wind 
energy will not be able to satisfy 100% of the demand all the time in 
these territories. The seasonality of offshore wind regimes and the pro-
file of energy demand make greater penetration difficult, forcing the 
recovery of non-useable offshore energy for other energy purposes. 
These include energy storage. It is also necessary to have dispatchable 
energy sources for those cases in which, due to weather conditions, there 
is no offshore wind energy generation for long periods of time. It would 
be a matter of achieving a balance between, on the one hand, the 
appropriate sizing of this type of facilities to minimize energy curtail-
ments that imply an increase in the LCOE, and, on the other hand, 
investing in massive energy storage systems that allow the surplus of 
offshore wind energy to be used, although this investment also translates 
into an increase in the LCOE. 

Both options, however, entail an increase in the LCOE for this type of 
investment. It is therefore necessary to articulate public policies aimed 
at mitigating this extra cost, while striking a balance between the public 
interest in developing clean energy and the cost to the public purse. The 
results show that offshore wind energy can have a higher cost than 
existing energy costs, based primarily on fossil fuels. However, to ach-
ieve the goal of independence from fossil energy in isolated systems, the 
incorporation of new renewable sources must be encouraged, and sub-
sidies can be a mechanism that contributes to this goal. Subsidies have 
been used before by public institutions, for example, to support invest-
ment in onshore wind or photovoltaic installations. 

4. Conclusions and policy implications 

In previous sections, estimated values of offshore wind energy 
penetration have been obtained for an isolated island territory where the 
main source of electrical generation is fossil fuels. In the three scenarios 
analyzed, the percentage of non-useable offshore wind energy is higher 
for the isolated systems compared to the interconnected system. In the 
two interconnected electrical systems considered (ES-GC and ES-LZFV) 
and with an 800 MW offshore wind farm, it would be possible to ach-
ieve renewable energy penetration of up to 65% of the total annual 
electricity demand. The estimated percentage of offshore wind energy 

Table 4 
Economic implications for the LCOE due to offshore wind energy curtailment.  

Offshore wind farm electrical 
power (MW) 

Percentage 
of offshore 
energy 
curtailment 
(%) 

LCOE 
increment 
factor 

Reference costs of floating offshore wind 
energy 

Average cost of electrical generation through conventional 
energy (€/MWh) 

LCOE estimated in 
the study by 
Aldersey-Williams 
and Rubert (2019) 
50,00 (€/MWh) 

LCOE estimated 
in the study by 
Clauser and Ewert 
(2018) 
172,00 (€/MWh) 

RSc USc RSc USc RSc USc RSc USc 

200 (ES-GC) 6.40 0.16 1.07 1.00 53.42 50.08 183.76 172.28 153.98 
100 (ES-LZFV) 0.55 0.00 1.01 1.00 50.28 50.00 172.95 172.00 166.81 
300 (ES-GC-LZFV) 3.79 0.01 1.04 1.00 51.97 50.01 178.78 172.02 153.98 

RSc: Restricted Scenario. 
USc: Unrestricted Scenario. 

Table 5 
Average annual electricity price in Spain from 2017 to 2021. Source: own 
elaboration based on Statista (2023).  

2017 
(€/MWh) 

2018 
(€/MWh) 

2019 
(€/MWh) 

2020 
(€/MWh) 

2021 
(€/MWh) 

60.55 64.37 53.41 40.37 118.7  

1 The optimal maritime areas for the location of offshore wind farms, iden-
tified in the study by Díaz and Soares (2021), to inject energy into the electrical 
systems analyzed imply the need to incorporate floating offshore wind tech-
nology due to their great depths.  

2 The average cost of conventional electrical generation in 2021 was 
€153.98/MWh for the ES-GC system, and €166.81/MWh for the ES-LZFV sys-
tem (Government of the Canary Islands, 2023). 
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curtailment as a result of the deployment of offshore wind farms under 
the conditions and scenarios considered in the study has also been 
evaluated. 

The adopted case study shows that a 100% electricity generation 
from renewable sources in small isolated electrical systems cannot be 
achieved without electricity storage systems that allow the storage of the 
surplus, while stabilizing the electricity distribution network. This is due 
to the seasonal and hourly fluctuations of VRE, coupled with the vari-
ability of electricity demand. A consequence of this situation is an in-
crease in the LCOE due to the increase in the percentage of offshore wind 
energy curtailment. An increase in the LCOE involves a loss of attrac-
tiveness for investment in this type of facility. This loss of attractiveness 
could be neutralized through the intervention of governments (regional 
and national) to offset the costs associated with offshore wind energy 
generation. 

Taking into account the results obtained, and with the aim of 
achieving decarbonization objectives, government action could support 
investment in offshore wind energy through energy policies. Public in-
stitutions could.  

1) Promote the development, in parallel to the investment in offshore 
wind farms, of massive energy storage systems that store the offshore 
wind energy curtailment.  

2) Rethink the objectives of offshore wind energy penetration so that 
installed power does not exceed a threshold that implies the exis-
tence of offshore wind energy curtailment in the event that massive 
energy storage systems are not developed in parallel.  

3) Analyze the suitability of implementing different financial and fiscal 
instruments by public institutions to promote investment in offshore 
wind energy technologies.  

4) Consider the potential investment in the installation of a submarine 
electrical cable connecting the ES-GC and ES-LZFV electrical sys-
tems, assuming interconnection is technically feasible in the future.  

5) Upgrade existing power facilities that use conventional generation 
systems with greater flexibility and response speed to generate 
electricity in conjunction with renewable energy sources.  

6) Explore investment in new renewable energy sources such as tidal, 
wave, geothermal, etc.  

7) Utilize surplus offshore wind energy for the production of other types 
of complementary fuels (e.g. LPG, H2) for use in land and maritime 
transportation. 

This study has analyzed a specific territory, which constitutes a 
limitation in terms of generalizing the results. However, the high simi-
larity in the problems presented by island territories with small isolated 
electrical systems allows the method of analysis proposed in this study to 
be applied to them. In such a case, as a future line of research, the results 
obtained in other territories could be compared and alternative energy 
policies emerge. Another line of research proposed, for its contribution 
to evaluate the LCOE of the investment in floating offshore wind energy 
projects, would be the comparison of energy storage costs with non- 
useable offshore energy prices. 
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Item Value Units 

Name WTK Validation Offshore N/A 
Rated Power  kW 
Rated Wind Speed 14 m/s 
Cut-in Wind Speed 4 m/s 
Cut-out Wind Speed 25 m/s 
Rotor Diameter  m 
Hub Height  m 
Drivetrain  N/A 
Control  N/A 
IEC Class  N/A  

Normalized offshore power curve comes from a report validating power output for the WIND Toolkit 1. The report presents normalized power 
curves but assumes 100 m hub heights for modeling in the report. Cp values are not available since rotor diameters are not included. 
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