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Abstract: Portugal, in line with the European Union, is aiming for carbon neutrality by 2050 (Net
Zero), which implies a transition to sustainable energy sources. Climate change is all too evident,
as extreme weather periods are occurring in a cyclical manner with greater brevity to such an
extent that the grid operator must deal with production scenarios where it can no longer rely on
hydroelectric production given the recurring drought situation. This situation increases dependence
on thermal production using natural gas and imports. This has significant economic implications.
Portugal has exploited its onshore wind potential, reaching an installed capacity of 5.671 MW by 2022.
However, the expansion of onshore wind energy is limited to reinforcing the existing infrastructure.
To overcome these challenges, it is necessary to expand the exploitation of the offshore wind potential
that is already underway. This article proposes the location of offshore wind production platforms
along the Portuguese coast. This allows for an analysis of offshore production and its optimization
according to the minimum cost per MWh in the face of extreme scenarios, i.e., in periods of extreme
drought where the hydroelectric production capacity is practically non-existent. The model is fed
by using market price indications and the amount of energy needed for the following day. Using
forecast data, the model adapts offshore wind production for the following day according to the
minimization of the average market price. This study presents an optimization model adapted to
combat the unpredictability of extreme weather conditions. This strategic framework significantly
increases the resilience and reliability of offshore wind energy production, marking a significant
advance in the management of renewable energy under the pressure of climate variability. The results
of the simulations allow us to conclude that despite the high cost of offshore technology (in deep

waters), in extreme climate scenarios, it enables cost reduction and a clear decrease in imports.

Keywords: wind offshore; renewable energy; dynamic model; economic evaluation; optimization
methodologies

1. Introduction

Around the world, it is essential to accelerate the energy transition towards long-term
energy security, price stability and national resilience, with a greater focus on decarboniza-
tion, in order to reduce dependence on fossil fuels in electricity consumption [1]. Portugal
is making a bold effort to achieve carbon neutrality by 2050 (Net Zero). However, this shift
to sustainable energy sources presents significant challenges.

In recent years, Portugal has emerged as a leader in renewable energy adoption,
with a notable shift towards wind and solar power contributing to a greener energy matrix.
The use of natural gas and renewable energy sources reached 23% of Portugal’s total energy
supply (TES) in 2018 and 51% of electricity generation in 2018, respectively, as mentioned
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in [2]. Despite this progress, the nation’s energy infrastructure faces significant tests, partic-
ularly from extreme climate phenomena like the historic drought of 2022, which exposed
vulnerabilities in hydroelectric capacity [3].

Portugal has a high level of renewable energy contribution to electricity consumption,
with renewable sources reaching shares of up to 88% in wet years. However, these values
heavily rely on a strong component of hydroelectric production [4]. The goal of carbon
neutrality by 2050 poses challenges for European countries, with electricity production
aiming for approximately 95% renewable energy production [5]. Portugal has a significant
hydroelectric power generation capacity. However, climate change is subjecting the Iberian
Peninsula, particularly Portugal, to severe and prolonged droughts, which will delay the
future utilization of hydro resources for electricity production.

Figure 1 presents a breakdown of the various energy sources contributing to Portugal’s
energy mix. The graph highlights the proportion of renewable sources, including offshore
wind, solar, and hydroelectric power, alongside non-renewable sources, such as fossil
fuels. The contrast between the capacity and actual energy production from each source
underscores the potential for optimization within the national energy framework.
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Figure 1. Diversification of energy resources in Portugal.

The decrease in hydroelectric production is evident, as seen in Figure 2, which repre-
sents the stored hydroelectric energy in reservoirs [MWh] per week from 2015 to 2022 [6]

Figure 2 clearly depicts the increasingly severe unavailability, with 2022 marking a year of
severe drought for Portugal.
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Figure 2.

Annual variation in water reservoirs and hydro storage plants in Portugal [6].

Figure 2 delineates the hydroelectric reservoir storage capacity for each year, with dis-
tinct lines representing annual data. The blue line corresponds to the maximum levels
observed in 2016, a year of high rainfall, while the orange line reflects the minimum levels in
2022, indicative of the extreme drought conditions experienced. The figure provides a stark
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visual representation of the impact of climatic extremes on hydroelectric power generation
and underscores the need for diversifying energy sources, such as offshore wind.

Given that Portugal and Spain share the same energy market, including major rivers,
such as the Tejo and Douro, which host the largest power plants in both countries, in-
terdependence becomes crucial. Spain faces a similar situation. Notably, both countries
experience a reduction in stored hydroelectric energy [6].

Consequently, there will be a decrease in electricity production from this renewable re-
source, albeit never reaching zero. Production will continue with run-of-river power plants
and pumping stations, with increased reliance on pumping during droughts. Turbines will
operate during peak demand hours when this energy is most needed.

Analyzing the contribution of hydroelectric production to final consumption from
2015 to 2022 (Figure 3), a reduced influence of hydro-based energy is observed, particularly
in 2022. It is crucial to analyze the contribution of hydroelectric production over this period
to observe the decreasing reliance on this technology for consumption satisfaction due to
the predicted severe drought scenario.
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Figure 3. (a) Annual hydroelectric energy produced compared with energy consumed in pumping in
Portugal from 2015 to May 2023. (b) Trade-off between import and export on the Portuguese side.
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Comparing energy production in a wet year (2021) to a dry year (2022) (Figure 4)
highlights the difference. The portion suppressed in a dry year compared to a wet year
amounts to approximately 6.000 GWh in a year (Figure 4).
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Figure 4. Comparison of hydroelectric power production in two extreme years in Portugal: 2021 (wet
year) and 2022 (drought year).

The reduction in hydroelectric production, along with the phasing out of coal-based
production, has increased the reliance on energy imports. Analyzing the import trend
(Figure 3, above), a clear shift towards a stronger hydroelectric component during dry years
is observed.
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As referred in [7], a resolute commitment emerges, driven by an unwavering deter-
mination to fortify the pursuit of renewable energies while concurrently diminishing the
nation’s energy reliance, promoting the electrification of the economy and diversification
of energy sources through the utilization of endogenous resources.

Portugal’s geographic restrictions, wind patterns and environmental limitations make
it difficult to utilize onshore wind energy resources, making it imperative to operate offshore
wind farms despite associated challenges such as high costs, ecological considerations and
labor requirements. The growing offshore wind energy sector in Portugal aligns with the
government’s ambitious plan to harness up to 10 GW of offshore wind capacity in the
near future, targeting 2 GW by 2025 and a more ambitious 10 GW by 2030, as reported in
previous studies [8-10]. While these goals may seem ambitious, they are achievable with
the effective mitigation of offshore wind energy challenges. This venture not only has the
potential to stimulate job creation and boost the economy but also offers an opportunity
to reduce Portugal’s dependence on imported fossil fuels, paving the way for sustainable
energy independence.

The Windfloat Atlantic is currently in operation. Starting such a challenging effort
is undeniably ambitious, particularly considering Portugal’s current reliance on a single
offshore wind farm, Windfloat Atlantic, strategically positioned off the coast of Viana do
Castelo [11,12]. Notably set apart by its innovative features, this groundbreaking enterprise
stands as the global pioneer of a floating semi-submersible wind farm, showcasing an
impressive installed capacity of 25 MW.

Offshore wind energy has significant potential to diversify the energy matrix and
reduce greenhouse gas emissions (GGEs). Portugal has comfortable maritime conditions,
which makes the country an attractive place for the installation of these parks. However,
the economic viability of these ventures is a crucial factor to be considered. Several studies,
as stated below, have had the economic viability of offshore wind farms, providing valuable
insights for decision makers, investors, and professionals in the energy sector.

The process of calculating costs typically involves the anticipation of two distinct
cost categories, contingent upon the park’s distance from the coast and the depth of the
water under consideration. These categories encompass investment costs and operation
and maintenance costs as referred in [13]. Reference [14] evaluates the potential economic
value of investing in offshore wind farms in the north of Portugal, Viana do Castelo.
Economic results indicate the viability of offshore wind energy in this location. Floating
platforms will play a vital role in achieving Net Zero goals for many countries, as they allow
access to wind resources in deeper waters where fixed offshore turbines are impractical
but are still in the early stages of development with various design options. A review
about the evolution of floating offshore wind platforms is discussed in [15]. Reference [16]
presents a method to determine the economic feasibility of floating offshore wind farms
at the Portugal continental coast. The findings identify the ideal floating offshore wind
platform based on economic parameters and identify the most suitable area within the
study region to implement a floating offshore wind platform. This study concludes that
individual risk exposure must be considered, historical records may not predict future
risk, and probabilistic methods are crucial for accurate financial valuation in offshore wind
projects, while economic cycles and investor judgment must also be considered.

Some economic evaluation methodologies for renewable energy projects are presented
in [17]. In addition, the authors of this research propose a new framework to facilitate
economic analysis, assisting decision makers in selecting the most appropriate method-
ology for investments before moving forward. An interesting review of the methods for
the financial evaluation of renewable energy projects is presented in paper [18]. The two
main objectives of this article are, firstly, to revise publications on the financial evaluation
of renewable energy projects between the years 2011 and 2020 and, secondly, to provide
a critical analysis of the literature under review. The main findings of this paper indicate
that while traditional methods remain prevalent for evaluating the financial aspects of
renewable energy projects, the significance of the levelized cost of energy (LCOE) and real
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option approaches has been increasing to address the intricate aspects and comparisons
of these projects. Reference [19] presents a study of a risk model for evaluating offshore
wind projects, using operational and macroeconomic data to analyze the project-specific
risk premium, represented as stochastic variables, and conducting a probabilistic financial
analysis through Monte Carlo Simulation. Another interesting review on life cycle cost
modeling and the economic analysis of wind energy is addressed in [20]. This review
provides a macro-level explanation of the entire life-cycle composition, economic analysis
method and cost modeling process of wind energy, as well as summarizing the differences
in cost composition and modeling between various types of wind farms and the applica-
bility of different economic analysis methods and valuation indicators. The authors offer
suggestions to achieve the precise and dependable economic evaluation of wind power in
diverse regions and environments, providing valuable references to enhance the economic
efficiency of wind farms.

The advent of offshore wind energy in Portugal presents a unique set of challenges,
driven mainly by the deep offshore geography that precludes the use of fixed-bottom
turbines. Instead, floating platforms become the necessary alternative, despite their higher
cost implications when compared to their shallower water counterparts. On the other
hand, it is important that there is a strategy of expansion and technological innovation
to mitigate these costs and reinforce the economic viability of offshore wind energy in
Portugal’s renewable energy portfolio. In Reference [10], the authors address a strategy
more attuned to Portugal’s socioeconomic context, exploring the resulting opportunities
and the challenges. They also dissect the critical issues that must be tackled to successfully
navigate this pathway.

In the wake of a severe drought in 2022, Portugal’s energy sector grappled with a hy-
droelectric production crisis, compounded by diminished outputs from both hydroelectric
and onshore wind sources. This paper proposes an optimization analysis of offshore wind
production in a scenario where the production system faced a hydroelectric production
crisis during an extreme drought, in the year 2022. Both hydroelectric and onshore wind
production were very low. The solution involved resorting to importation and thermal
production based on natural gas as the only means to compensate for this production deficit.
One of the constraints is the limit on instantaneous power that can be imported, which,
in the case under study; is set at 5.000 MW, according to the regulator. The utilization of
this available power can, in certain situations, jeopardize the system’s integrity. The advent
of extreme weather conditions presents unprecedented challenges to renewable energy
systems. Confronting these challenges, our research advances an innovative optimization
model tailored to navigate these complexities. This model capitalizes on the complex
interplay between meteorological data and offshore wind energy generation, striving for a
balance between system dependability and energy self-sufficiency.

Among the vulnerabilities of hydroelectric energy, our study positions offshore wind
energy as an axis of Portugal’s renewable strategy [21], taking advantage of climate fore-
casting to predict and stabilize wind energy production. As supported by Reference [22],
the diversification of forecasting models is paramount in enhancing the robustness of
wind energy.

This paper also delineates Portugal’s energy composition, underscoring the essential
role of offshore wind in the nation’s energy portfolio and its ability to withstand climate
volatility—a sentiment reiterated by Reference [23]—which underscores the resilience of
Portugal’s carbon-neutral power objectives in the face of climatic changes.

Finally, this article analyzes the impact of this type of resource on the spot market
price. A methodology for optimization is developed to minimize the spot market price,
as the introduction of offshore wind production implies an increase in the cost per MWh
due to the high cost of deep-sea exploitation, which is typically priced in [EUR/MWHh].
Although applied to a specific case study, the findings can be generalized to other regions
or case studies.
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This article is organized as follows: Section 2 shows the methodology, starting by
characterizing the wind resource and developing the models that support the case study.
Section 3 presents the simulation results and discusses their implications. Finally, Section 4
presents the conclusions.

2. Methodology Applied to the Case Study

Electricity consumption in Portugal remained stable between 2015 and May 2023
as indicated in Figure 5. In mainland Portugal, all coal-based power production units were
deactivated, ceasing operations in 2020. This led to an increased need for energy imports
as depicted in Figure 5. Simultaneously, there was a decrease in hydroelectric production
due to the drought conditions that Portugal has been experiencing, particularly in the
year 2022.
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Figure 5. Changes in imported energy due to the reduction in coal-based production.

It is necessary to further analyze the low hydroelectric production recorded due to
the situation of extreme drought, where reliance on hydroelectric production is decreasing.
The hydroelectric production and coal-based production in 2018 amounted to 10.552 GWh.
This energy quantity was subtracted from the system. Energy imports during the year 2022
reached 9.661 GWh. Traditionally, Portugal did not import such a significant amount of
energy. In this study, we assume that this energy will need to be replenished in the system
by being sourced from wind power platforms. There is no direct substitution, especially
considering the increased energy production from photovoltaic units and other types of
renewable units.

Investment in photovoltaics has been significant, and it is expected to grow substan-
tially. The total installed capacity is projected to reach approximately 1.332 MW by the year
2023 [5]. However, it is in the off-shore potential that the capacity to expand renewable
production resides since it is available on a continuous basis, although it has intermittency
issues, which can be somewhat mitigated by increasing the installed capacity.

2.1. Assessment of Offshore Wind Potential

Portugal has a high offshore wind potential and is one of the European countries with
the largest continental shelf. Although it is very extensive, the continental shelf is narrow.
This apparent disadvantage, with its waters being deep at relatively short distances from
the coast, motivated the search for offshore technological solutions different from those
used in Northern Europe. Portugal was thus, out of necessity, a pioneer in operating wind
turbines mounted on floating platforms and already operates a floating offshore wind farm
consisting of three platforms off the coast of Viana do Castelo, with a total installed capacity
of 25 MW, and the distance from the coast is about 20 km. The power in question and the
distance from the coast allow for the establishment of the High Voltage Alternated Current
(HVAC) connection [11].
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The three most advantageous areas in terms of wind potential are located in the north,
center, and south of the country. These regions include Viana do Castelo, off the coast of
Lisbon, and in the southern zone, Sagres (Figure 6A,B).

The wind models used as the basis for this article were created using the Wind Atlas
database [24]. This database is recognized in the scientific community and allows for data
collection with an acceptable level of accuracy considering the analyses to be conducted.
With these data, it was possible to determine the average wind speed (Figure 6C).

. Areas propostas

W

Wind average speed 8.28 m/s

Month

Figure 6. (A) Location of the proposed areas (“4reas propostas”) for development of offshore wind

farms in relation to the marine and coastal special protection zones (ZPE); (B) Important Bird and
Biodiversity Areas (IBA). (C) Construction of wind models for most favorable zones with an average
speed of 8.28 m/s in Viana do Castelo.

The wind energy production on floating platforms in a marine environment has
significant impacts on biodiversity, especially on birds [25]. The selected areas safeguard
the special protection zones that limit the placement of wind farms along the coast in order
to minimize the impact that these new wind infrastructure may have on bird life, especially
on the migratory routes of seabirds (Figure 6A,B).

Respecting these environmental restrictions, data were collected in three of these
coastal areas of mainland Portugal (off Viana do Castelo, Figueira da Foz and Sines) for the
possible future locations of offshore parks (Figure 6). It was possible to determine the aver-
age annual wind speed for a height of 100 m for each of the selected zones. Wind Atlas [24]
allows the visualization of the evolution of the average annual wind speed, allowing the
construction of average wind models with hourly resolution.

Although floating offshore wind farms use turbine technology similar to onshore wind
farms, offshore installations have the advantage of being able to exploit more constant
and higher wind speeds, and with fewer restrictions on the area they occupy and the
distance from the rotor to the water surface when compared to the onshore case. As a result,
the areas of offshore farms and the dimensions of wind turbines can be larger, leading to
generally better performance indicators for these farms. In Portugal, the offshore wind
resource is generally characterized by average wind speeds, at 100 m height, of the order of
8 m/s. However, the average wind speed is not constant over the years; therefore, there is
a randomness that must be taken into account when building wind models. With these
premises in mind, wind models were built for all selected regions that allow, with an hourly
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resolution, to estimate the average wind speed that supports the wind turbine models to be
used. These wind models allow us to determine the average wind profile for each of the
selected marine regions. Therefore, it was decided to continue the use of turbines with a
unitary power of 8 MW [26]. In this study, the authors consider nine turbines distributed
across three parks, strategically located in areas with lower environmental impact.

Figure 7 displays the characteristics of the wind turbine selected for this research. This
figure displays the typical power curve for a wind turbine, depicting how the power output
in kilowatts (kW) and the coefficient of performance (C,) vary with wind speed. The curve
shows a progressive increase in power output with rising wind speeds until reaching the
turbine’s rated speed, at which point the output stabilizes and remains constant, reflecting
the operational limit designed to prevent turbine damage under high-wind conditions.

kW Cr
Output Power and Cp
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6000 0.35
0.30
5000
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4000
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2000 0.10
1000 S~o 0.05
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1234567 8910111213141516171819202122232425
Average speed m/s

Figure 7. Power output and performance coefficient (Cp) of the wind turbine as a function of
wind speed.

The costs used in this work was given by the network operator considering an average
basis. The capital and maintenance cost of wind turbines, although important for a detailed
technical-economic assessment, are outside the scope of this analysis and will be addressed
in a future work.

Two cases of turbine operation were considered to have favorable and less-favorable
wind speed profiles. These profiles were determined based on the average daily profiles of
maximum and minimum wind speeds for the month in question (February). For both cases,
we estimated the average daily production per turbine. It is possible to predict an average
daily energy production per turbine, which on average can vary between 62 and 106 GWh.

2.2. Methodology for Optimizing Energy Source Combinations

The suggested algorithm aims to perform optimization to determine the optimal combi-
nation of a mix of energy sources, considering availability constraints and cost minimization.
This methodology is represented through a basic flowchart displayed in Figure 8.
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Figure 8. Basic flowchart of the implemented methodology.

The methodology is explained as follows:

¢  Mathematical Formulation: The optimization problem is formulated as a linear pro-
gramming issue, aiming to minimize the total cost of energy generation. The objective
function and constraints are mathematically described as follows:

n
minimize C=) ¢ x; 1)
i=1
subjectto a; <x; <b;, Vie{l,...,n} )
n
Z X = D (3)
i=1
x>0, Vie{l,... n} @)

where:

- Cis the total cost.

- ¢ is the unit cost of generation for technology .

- x;is the amount of energy produced by technology i.

- a; and b; are the lower and upper bounds for energy generation by technology i,
respectively.
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—  Dis the total energy demand to be met.
- nis the number of energy generation technologies considered.

*  Details on Cost Vectors and Constraints: The costs associated with each energy genera-
tion technology (c;) and the availability constraints (2; and b;) are derived from a com-
bination of historical data, market forecasts, and meteorological models. The flowchart,
displayed in Figure 8, describes the process of how these data are transformed into
parameters for the optimization model.

* Input Data: The availability data for various power generation technologies, in MW,
are available, as well as the costs associated with each technology, in [EUR/MWh] [27].
In the flowchart, two external inputs are presented: (a) market price forecast data with
a 24 h lead time, and (b) the possibility of weather data for wind or offshore wind
power forecast. The objective is to determine the amount of energy to be produced by
each technology to meet a specific demand.

¢ Formulation of the Optimization Problem: The problem is formulated as linear
programming, where the objective is to minimize the total cost of energy genera-
tion subject to availability constraints and equality of demand. The cost vector and
constraints are defined according to the input data.

e Calltolinprog: The algorithm uses MATLAB’s linprog function to solve the opti-
mization problem. Linprog is a linear optimization function that finds the optimal
values of the decision variables (amounts of energy to be produced by each tech-
nology) that minimize the objective function (total cost) subject to linear constraints.
The authors choose the linprog function of MATLAB [28], among others, to imple-
ment in the algorithm due to its efficiency, ease of use, and flexibility to solve linear
optimization problems, specifically to determine optimal power generation based on
cost and availability constraints.

e  Justification for the Choice of 1inprog: The MATLAB linprog function is used due
to its proven computational efficiency and flexibility in solving linear optimization
problems. The choice of this function is justified by the linear nature of the problem and
the need to find an optimal solution within a reasonable computational time frame.

*  Convergence Verification: After running linprog, we verify the convergence of the
solution using standard optimization criteria. We discuss the tolerance parameters
and other settings used to ensure that the found solution is stable and reliable.

*  Optimization Results: These include both the amounts of energy produced by each
technology and the minimum total cost, and are displayed as output. Optimization
results were validated against historical scenarios and compared with outcomes
obtained from other models to ensure accuracy and applicability. This validation helps
to confirm the robustness of the proposed methodology.

e Comparison of linprog with Other Optimization Methods: The authors choose MAT-
LAB’s linprog for several strategic reasons. Firstly, its computational efficiency is
well established, particularly for large-scale linear problems, which is crucial in our
context of real-time optimization. Moreover, the ease of use and integration with the
MATLAB environment allows for more fluid modeling and data analysis, significantly
accelerating development.

While other tools such as CPLEX [29] and Gurobi [30] are equally powerful, their
flexibility for rapid parameter changes is less convenient for our use case. Additionally,
the robustness of 1inprog in handling the dynamic nature of energy optimization problems
is a deciding factor, given the frequent updating of input data.

Although there are open-source alternatives, the authors choose linprog due to the
commercial support and the vast user community it offers, thus ensuring a reliable and
well-supported solution for our optimization analysis.

To ensure the fundamental integrity of our optimization model, the authors meticu-
lously source their data from respected organizations such as the National Energy Networks
(REN) [4], the Portuguese Renewable Energy Association (APREN) [5], the ENTSO-E [6]
and the Global Wind Atlas [24]. These sources are known for their rigorous data relia-
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bility standards. They are instrumental not only for initial data acquisition, but also as
references for cross-referencing and validating our datasets. Furthermore, by comparing
historical trends and aligning with peer-reviewed predictive models from these authorities,
the authors strengthen the accuracy of their input data, thereby increasing the robustness
and credibility of our model results. In conclusion, given the high costs associated with
offshore wind technology (€/MWHh), our model seeks to optimize the combination of energy
sources to minimize costs in the 24 h spot market. This methodology is intended for use by
network operators during the initial formation of the spot market on the preceding day;,
incorporating predictive climatic data for the following day. By simulating scenarios 24 h
in advance, our approach aims to reduce reliance on natural gas or other thermal energy
production, thus providing a strategic tool for enhancing resilience and cost efficiency in
renewable energy sourcing.

3. Model Simulations—Main Results and Discussion

Multiple scenarios were simulated, and in this section, we will present only the most
significant data. Thus, nine turbines were placed, divided into three parks in suitable
locations according to the zones of lower environmental impact as previously referenced in
Section 2.1.

The scenarios of extreme and severe drought are becoming increasingly recurrent,
prompting the use of the thermal component, particularly natural gas. As a non-producing
country, Portugal is subject to the natural gas prices in international markets.

The introduction of offshore wind power (in deep waters) yields positive results.
As displayed in Figure 9, the introduction of offshore production leads to a reduction in
the average energy price, in the spot market situation. Thus, despite the high unit cost of
this technology, in a situation of severe drought where hydropower production is minimal,
this is a viable solution.

€/MWh
250.00

Hourly price without offshore production

Average daily price
181.95 € MWh
200.00

150.00 <
100.00 pric ith offsh
50.00

0.00
123456789101112131415161718192021222324

hour
Figure 9. Simulation results.

The results of the developed methodology enable the placement and management of
offshore wind energy in order to minimize costs throughout the forecast period. Another
crucial aspect is that the reduction is greater with increasing installed capacity to minimize
the price (see Figure 10).
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Figure 10. Comparative Analysis of Energy Production by scenario.

Figure 10 presents four scenarios. The horizontal axis categorizes the different scenar-
ios assessed, reflecting variations in energy production strategies under diverse conditions.
The vertical axis quantifies the resulting energy production in each scenario, offering a
visual representation of their comparative performance. Bar 1 is the base-case scenario,
without offshore wind energy. Bars 2 to 4 illustrate three distinct wind parks, each char-
acterized by a varying number of turbines. Bar 4 features nine turbines, representing the
maximum threshold considered for our analytical study.

According to what was demonstrated throughout the study, despite the high price
of the technology, this type of production (off-shore on deep waters) proves to be an al-
ternative when the electrical energy system is subject to extreme dry weather conditions.
Portugal under normal conditions can satisfy consumption only with the water and wind
components. Energy production in wet years reaches around 40% of daily energy consump-
tion. However, with the worsening of drought scenarios, the water component is practically
reduced to values around 10%, thanks to the contribution of units that have pumping.
In this way, it was possible to optimize the amount of offshore wind production in order to
overcome this production deficit without increasing the average price of daily energy. The
intermittency of this resource can be overcome depending on a minimum number of wind
turbines that can ensure a minimum production; in the case study, they are nine in number.
For a wet scenario the contribution of this type of production, i.e., production surpluses
can be used in storage situations in places where the network is under more pressure, that
is, at interconnection points with the European network, as well as being used in pumping.

The proposed model constitutes a strategic tool to increase the resilience and efficiency
of wind energy generation in the face of climate change. It also provides practical informa-
tion for energy policy and infrastructure planning, leveraging the latest climate forecasting
and renewable energy technologies. This method distinguishes itself by proactively an-
ticipating climate-induced challenges, facilitating more resilient infrastructure planning
and energy policy formulation. It does so by effectively bridging the gap between the
unpredictable dynamics of weather and the consistent demand for energy, thereby setting
a new standard for integrating environmental factors into energy management strategies.

4. Conclusions

The decarbonization of the electrical energy production sector poses challenges to
operators of electrical energy systems. In the present case study, we are faced with a
situation in which initially the accommodation of the extinction of coal-based production
only represents 8.3% of the total installed power, a value that in itself does not represent
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a major problem. However, in this case study, the installed power from non-renewable
sources reaches around 35%.

In the case study, two scenarios are presented: one of severe drought in which
hydropower-based production was minimal, in contrast to a scenario where hydropower-
based energy production was abundant. In a scenario with ample rainfall, there is no need
to resort to thermal production. However, profound climate changes bring about scenarios
of extreme drought. The hydropower component in this case represents a reduction in
the availability of installed capacity by 31%. In this situation, reliance on energy imports
is higher, which poses challenges to the operator since the available power is pre-agreed
and depends on the connection point. For this case study, the value of this limitation was
5.000 MW in terms of instantaneous power.

In parallel with the extreme drought scenario, in this case, there was a decrease in
onshore wind production, which resulted in greater stress on the system. Offshore wind
production presents itself as the only viable alternative to solve this problem. The greatest
amount of energy is consumed at nighttime, and therefore, peak demand normally occurs
at this period, which makes the scenario challenging.

Despite the high costs of offshore technology [EUR/MWHh], this type of technology is
the only solution in adverse scenarios. As demonstrated in this article through optimization
algorithms, positioning this type of production in order to minimize the daily average cost
of energy in the spot market is essential.

Due to the more consistent wind patterns, electricity production based on offshore
technology exhibits regularity and lower intermittency when compared to onshore pro-
duction. In scenarios of severe drought, it represents an important source of production,
allowing costs to be minimized by relieving production based on natural gas and energy
imports. In scenarios with lower demands on the production system, it acts as an energy
source that can be used in storage to reinforce the electrical energy network. Even during
non-peak periods, it is a valuable aid for hydroelectric power plants with the possibility of
pumping, and acts in a complementary way with photovoltaic-based production.

This research emphasizes the significance of offshore wind technology in addressing
the challenges related to decarbonization in the electricity sector. However, the authors
acknowledge that this study has limitations and suggest that further analysis is needed
to evaluate the high costs associated with offshore technologies. This evaluation aims to
determine their profitability in the medium and long term. Consequently, in future research,
the authors aim to carry out a more in-depth economic evaluation to identify strategies for
mitigating the costs associated with offshore technology, contributing, in this way, to its
integration into the electrical energy system.
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Abbreviations

The following abbreviations are used in this manuscript:

APREN Portuguese Renewable Energy Association
ENTSO-E  European Network of Transmission System Operators for Electricity

GGE Greenhouse Gas Emissions

HVAC High Voltage Alternated Current

IBA Important Bird and Biodiversity Areas
LCOE Levelized Cost of Energy

REN National Energy Networks

TES Total Energy Supply

ZPE Special Protection Zones
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