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ARTICLE INFO ABSTRACT

Handling editor: Jin-Kuk Kim This work presents techno-economic assessment and optimization results for wind power implementation. The
results constitute an attempt to provide recommendations on optimal design configurations and operating

Keywords: conditions for future possibilities of installations in Kuwait, where the wind speed is at maximum levels at high

Wir{d power altitudes during the early daytime and late nighttime, whereas in the afternoon, the wind speed reaches its

Optimization maximum at low altitudes. This cyclic behavior indicates that the wind speed and direction change in a pre-

Performance assessment

LCOE dictable pattern, benefiting wind power generation. The techno-economic assessment and optimization are

Optimal layout angle performed for multi-row design configurations of power plants. The selection using an optimal method comes

Kuwait through evaluating 2220 configurations, from which 60 optimal configurations are determined for different
variations of the number of rows in the wind power plant (N,) based on the minimization criterion of the
Levelized Cost of Electricity (LCOE). The optimal configurations have optimal wind power plant layout angle
(Oplant)- Some of the main findings are as follows:(i) the N, and Opjay; values impact the LCOE, wake losses,
performance ratio, capacity factor, and annual gross energy. (ii) The wind power density is calculated to be 289
W/mz, (iii) June and July have high levels of generation, wind speed, temperature, and humidity, (iv) there
exists an exponential relation between the installed cost per watt and N;,. (v) The present value of annual energy,
net present value (annual costs), annual energy, and annual gross energy have increasing linear trends as N,
increases, and (vi) the optimal configurations require a power purchase agreement price of at least 7.03 cent/
kWh to make a positive return on investment.

technology specifically tailored to the prevailing conditions in Kuwait,
which is characterized by an arid climate. The investigated location is

1. Introduction known to experience extreme weather conditions. For instance, in July
2016, the maximum temperature reached 54 °C (129.2 °F) in the shade,

The main goal of this study is to assess the economic and techno- reported as one of the highest reliably measured air temperatures ever
logical factors associated with wind power plants used for generating recorded on Earth. These extreme conditions make Kuwait an exciting
electricity in arid climates. Furthermore, the goal is to facilitate the and unique case for studying the performance and feasibility of wind

adoption of renewable technology in the Middle East and North Africa power technology (Fletcher, 2016; Burt, 2016a, 2016b; Livingston,
(MENA) region, including the Gulf Cooperation Council (GCC), to 2019; WMO, 2019). Further, Kuwait has heavily subsidized electricity

realize large-scale power plans as highlighted in previous research prices, particularly from fossil-based plants, with a rate of 0.66
(Sultan et al., 2020a, 2020b, Sultan, 2021a, 2021b). Fig. S. 1 provides a cent/kWh, as shown in Table S. 1 and Table S. 2 (IRENA, 2016, 2014;
visual representation of the locations of select countries in the Hertog, 2013). Hence, the case of Kuwait presents a promising oppor-
MENA/GCC region, along with a detailed map of Kuwait, the selected tunity to assess the techno-economic competitiveness of green energy,
location in this work. There are several justifications for investigating specifically wind power. Given its heavily subsidized prices of
the Kuwait case. There is a scarcity of published literature that provides fossil-based electricity, evaluating wind power’s feasibility and

a comprehensive evaluation of the techno-economics of wind power
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Nomenclature: Acronyms

AFPs Annual Frequency Profile(s)

CSP-PT  Concentrating Solar Power - Parabolic Trough
CAPEX Capital expenses

GCC Gulf Cooperation Council

GHG Greenhouse Gas

HFPs Hourly Frequency Profile(s)

LOESS  Locally Estimated Scatterplot Smoothing (regression)
MENA  Middle East and North Africa

MFPs Monthly Frequency Profile(s)

OPEX Operating expenses

PPA Power Purchase Agreement

RLCs Reference Level of Calculation(s) (RLCs)
SAM System Advisor Model

TES Thermal Energy Storage

TRNSYS Transient System Simulation

Units

bbl barrel of oil

MW, Megawatt hour

MW, Megawatt electric
MWh,  Megawatt hour electric
MWh,  Megawatt hour thermal

Symbols

Ay Wind turbine blade area/blade’s swept area (m?)

AEP Annual Electricity Production (kWh)

Cp Wind turbine power coefficient (%)

FCR Fixed Charge Rate (—)

FOC Fixed annual operating cost or operations and maintenance
costs ($)

TCC Installed Capital Cost ($)

LCOE Levelized Cost of Electricity (cent/kWh)

n Time period (—)

N, Number of rows in the wind power plant (—)

Py The output of the wind power-generating unit (kW)

up Wind speed at the wind turbine’s hub height (m/s)

u; Wind speed at a higher altitude (m/s)

us Wind speed at a lower altitude (m/s)

VOC Variable operating cost or operations and maintenance
costs per unit of annual electricity production ($/kWh)

71 Higher altitude (m)

7 Lower altitude (m)

Greek Symbols

o Wind shear/exponent (—)

Oplant Wind power plant layout angle (°)

P Air density (kg/ m®)

economic viability in this context becomes even more significant. This
assessment will provide valuable insights into the potential of wind
power to compete and contribute to the energy transition in Kuwait.

Additionally, Kuwait has set a strategic target of achieving a 15%
penetration of renewable energy in its electricity demand by 2030.
However, the specific technology mix to achieve this target has not been
entirely determined yet. This highlights the importance of conducting
assessments and studies, such as this one, to evaluate wind power’s
potential contributions toward meeting Kuwait’s renewable energy
goals. By exploring various options and conducting a detailed techno-
economic analysis, the study can provide valuable insights for policy-
makers in determining the optimal technology mix to achieve the
country’s renewable energy target commitment.

Furthermore, Kuwait is a member of the MENA/GCC and part of a
regional alliance that promotes cooperation and collaboration in various
areas, including energy. This allows Kuwait to engage in regional dis-
cussions, share best practices, and align its renewable energy efforts
with broader goals and initiatives. This membership further emphasizes
the significance of investigating wind power, as it contributes to the
regional efforts towards sustainable and clean energy development.

On top of that, the government’s exclusive ownership of the elec-
tricity sector in Kuwait, coupled with its heavy reliance on fossil fuels,
underlines the importance of assessing the performance of wind power
for electricity generation. By exploring wind power feasibility and po-
tential, this study can contribute to diversifying the country’s energy
mix, reducing its dependence on fossil fuels, and promoting oil conser-
vation efforts. Introducing wind power can help move towards a more
sustainable and environmentally friendly energy system while reducing
carbon footprint and contributing to global efforts in combating climate
change.

In 2005, Kuwait had held one of the world’s lowest comparative
prices of residential electricity. This indicates that electricity was rela-
tively affordable for residential consumers compared to other countries.
However, it is essential to note that electricity prices can change over
time and vary based on multiple factors, such as energy sources, sub-
sidies, and market conditions. Assessing and implementing wind power
can contribute to maintaining affordable electricity prices while pro-
moting sustainable and environmentally friendly energy solutions

(Atalla and Hunt, 2016).

In 2010, Kuwait had held one of the world’s largest comparative size
of per capita residential electricity consumption. This indicates that, on
average, the residents consumed a significant amount of electricity
compared to residents of other countries during that time. High per
capita electricity consumption can be attributed to a high standard of
living, energy-intensive industries, and a reliance on air conditioning
due to the extreme climate. However, it is essential to promote energy
efficiency measures and wind power to reduce the environmental
impact and ensure sustainable energy consumption patterns in the long
term (Atalla and Hunt, 2016).

Additionally, when examining electricity usage and carbon dioxide
(CO7) emissions, Kuwait is positioned among the leading nations., as
depicted in Fig. S. 2 (Atalla and Hunt, 2016; World Bank, 2019b; Ritchie
and Roser, 2014, 2017; Khatti and Woodruff, 2021). Kuwait is renowned
for its exceptionally subsidized electricity prices, one of the lowest rates
globally at 0.66 cent/kWh produced by fossil-fuel power plants, as
shown in Fig. S. 3 (see Table S. 1 and Table S. 2) (IRENA, 2016, 2014;
Hertog, 2013). It is important to note that the Levelized Cost of Elec-
tricity (LCOE) related to wind power technology has become increas-
ingly competitive and now falls within the range of global fossil-fuel
costs. Moreover, further reductions in LCOE for wind power are antici-
pated in the coming years (see Fig. S. 4) since the capacity of a wind
power plant has a notable impact on the LCOE due to its economy of
scale.

This study focuses on a location (Shagaya, Kuwait) with minimal
concentrations of oil and gas fields and is characterized by abundant
wind resources with high potential (Shams et al., 2017; Alhajraf and
Heil, 2011). Upon analyzing the configuration of Kuwait’s transmission
networks, taking into account their layout and structure (GENI, 2017),
the analysis reveals that the selected location has the potential to
maximize its future network capacity factor. This can be achieved by
strategically allocating shares of renewable power technology based on
the overlapping peaks in solar and wind resources. Considering this
approach, minimizing the LCOE through hybridizing renewable tech-
nologies is possible. Solar power technologies like the Concentrating
Solar Power - Parabolic Trough (CSP-PT) technology with Thermal En-
ergy Storage (TES) offer dispatchability, making it even more
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advantageous for reducing LCOE through renewable technology hy-
bridization (ISES, 2018). It is worth noting that wind power usually is
not dispatchable, unlike solar power. However, other grid services, such
as spinning reserves, can be utilized, providing the option to incorporate
dispatchable power sources. Fig. S. 5 shows that the chosen location in
the western region has minimal oil and gas field concentrations. Addi-
tionally, Fig. S .6 depicts a map of Kuwait, highlighting the western
region with limited transmission networks. It is crucial to recognize that
this location’s future network capacity factor can be maximized due to
the significant solar and wind resources. Consequently, conducting a
detailed assessment and optimization to minimize the LCOE for wind
power plants is highly recommended, underlining the importance of this
work.

As previously stated, the selected location benefits from abundant
solar and wind resources at their peak levels. Additionally, this location
has minimal concentrations of oil and gas fields (Mirza, 2018; Alhajraf
and Heil, 2011; Alnassar et al., 2005; SolarGIS, 2019; Shams et al.,
2017). Hence, harnessing wind power technology for electricity gener-
ation can offer significant economic benefits for Kuwait when compared
to the current business-as-usual approach of relying on conventional
fossil-based power plants and selling electricity at heavily subsidized
rates as low as 0.66 cent/kWh (see Table S. 1 and Table S. 2). Generally,
most electricity consumers in Kuwait belong to the residential sector and
benefit from significant subsidies, paying only around 6% of the actual
average cost of electricity. It is essential to highlight that the average
actual cost of electricity in conventional power plants in Kuwait is 14
cent/kWh (Ali and Alsabbagh, 2018; Ansari, 2013; Alrai, 2015).

Kuwait possesses approximately 102 Gbbl of oil reserves, which ac-
counts for around 6% of the global reserve, placing it in the sixth posi-
tion. Furthermore, the oil sector contributes 40% to the country’s gross
domestic product and 92% to its export revenues. Nevertheless, relying
heavily on oil exports is no longer sustainable due to unpredictable
market shifts worldwide. As a result, Kuwait has initiated preliminary
research on natural resources and assessments of renewable energy
technologies, which have acted as driving factors in considering the
implementation of significant renewable energy projects in the future
(Alhajraf et al., 2011; Alhajraf and Heil, 2011; Alnassar et al., 2005;
Al-Rasheedi et al., 2015; Sultan and Alotaibi, 2016; Sultan, 2017; Seb-
zali et al., 2016). The studies share a unified objective: protecting
Kuwait’s natural resources and preserving the environment (Alrashidi
et al., 2011). Kuwait has a total land area of approximately 17,818 km?
(A Al-Dousari et al., 2018), mainly of flat desert terrain. While research
on wind power in Kuwait is limited, none of the published studies has
provided a comprehensive performance assessment and optimization of
wind power, explicitly considering Kuwait’s unique climatic conditions.
This indicates the need for a detailed investigation and analysis to
evaluate the feasibility, optimization, and potential of wind power
generation in Kuwait, as attempted in this work. For further details, refer
to Appendix A, Appendix B, figures from Fig. S. 7 to Fig. S. 30 (Appendix
F), and Table S .3 to Table S. 8 for background information and sup-
plementary data about Kuwait, MENA, and GCC region.

1.1. Aim and technology selection

In a typical wind power plant, the most effective method to increase
the energy yield is to accurately predict wind availability, directly
impacting electricity generation from wind turbines. Extending this
understanding to the entire plant’s lifetime emphasizes the importance
of a reliable and detailed wind resource assessment before the design
and optimization stages to maximize wind availability estimation for a
specific location. In addition to reliable resource assessment at the wind
turbine’s hub height, understanding the turbine design characteristics,
such as the power curve, is critical for predicting energy generation
accurately. Based on physical principles, the prevailing wind’s kinetic
energy is the primary determinant that allows wind energy extraction
through the turbines’ blades when sufficient wind speeds are
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encountered. Generally, wind density is influenced significantly by
ambient temperature, atmospheric pressure, and relative humidity.
Thus, wind density and speed define the kinetic energy in the blowing
wind (see Appendix D). However, the ambient temperature is extremely
high in a desert region like Kuwait. Hence, the impact of harsh condi-
tions should be investigated, along with the wind resource and wind
turbine’s design characteristics, significantly since the wind resource
can be affected by complex factors impacting the reliability and feasi-
bility of generation.

Wind speed and direction measurements should be obtained at the
reference wind turbine’s hub height. Furthermore, estimating the wind
shear (o), which is the change in the wind speed with height above
ground, is critical. The value of o indicates the variation or difference in
wind speed and direction over a vertical distance. Knowing an accurate
value of a promotes the efficient conversion of wind energy into elec-
tricity, making wind power generation more predictable. By harnessing
reliable wind resources, wind power projects can take advantage of wind
patterns and contribute to generating clean and renewable energy. In
addition, ambient temperature, atmospheric pressure, and relative hu-
midity are necessary for density calculation, as they directly affect the
turbine’s power output.

The primary aim of this study is to conduct a techno-economic
evaluation and optimize the design configurations of wind power
plants for electricity generation that are well-suited to the Kuwait de-
sert’s wind and climatic conditions. It should be recalled that the chosen
location is approximately 100 km from the capital city. Additionally, it is
at an elevation of roughly 240 m above sea level. Furthermore, it is
characterized by a plain topography and simple terrain without signif-
icant obstacles from the surroundings that would influence the wind and
disturb its flow. Also, it has no existing vegetation and obstructions that
would promote shading effects or wind disturbances. Another main
objective is to perform detailed parametric analyses and identify optimal
design configurations for wind power plants with various capacity rat-
ings. The chosen location has an existing 10 MW wind power plant (5 x
2 MW), the first wind power plant in Kuwait with a recent commission
date. After one year of operation, it was revealed that the plant had
produced energy production numbers that exceeded the industry
average (A Al-Dousari et al., 2019; Ali and Alsabbagh, 2018; Al-Nassar
et al., 2019; Al-Salem and Al-Nassar, 2018; Al-Dousari et al., 2020).
Hence, this work will perform a detailed techno-economic assessment
and optimization for higher capacity wind power plants using a 2 MW
rated wind turbine (i.e., the reference wind turbine). This 2 MW turbine
is used in the existing 10 MW wind power plant mentioned above.

1.2. Justification for wind power assessment

According to a referenced study (A Al-Dousari et al., 2019), the
existing 10 MW wind power plant mentioned earlier achieved
near-record monthly capacity factors during its first year of operation,
indicating exceptional performance compared to global reports. This
highlights the importance of evaluating larger capacities for wind power
plants to meet Kuwait’s strategic target of 15% renewable energy by
2030. Therefore, this work aims to conduct a comprehensive
techno-economic assessment and optimization of wind power plants in
Kuwait’s arid climate. One of the key objectives is to provide the
necessary technical and economic data to maximize renewable energy
penetration and support the achievement of the target. Additionally, the
chosen location for the study possesses abundant wind and solar re-
sources, making it highly favorable for renewable generation despite
minimal existing transmission networks in the area (Alhajraf and Heil,
2011; GENI, 2017; Mirza, 2018; Alnassar et al., 2005; SolarGIS, 2019;
Shams et al., 2017). Moreover, this location exhibits low oil and gas field
concentrations (Shams et al., 2017; MOO, 2016). As a result, identifying
the peak wind resource periods for wind power dispatch scheduling can
maximize the capacity factor of future networks. Introducing wind
power for electricity generation in Kuwait would also yield economic
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advantages compared to the current business-as-usual approach.
1.3. Benefits and applications

To date, there has been limited exploration of wind power technol-
ogy on a large-scale level to meet Kuwait’s ambitious goal of generating
15% of its electricity from renewable sources by 2030, specifically in its
challenging arid desert climate. Dust storms, high humidity, and
extreme temperatures present unique challenges in this region.
Considering the ambitious renewable energy target, this study repre-
sents one of the first comprehensive investigations into the feasibility
and viability of wind power technology under these conditions. The
research provides technical and operational guidelines and economic
yield figures, valuable for potential developers and investors looking to
promote renewable installations through wind power performance
evaluations. Additionally, the study offers recommendations on optimal
design configurations and operating conditions for future wind power
plants. Multiple objectives are achieved through performance assess-
ments, integration of optimal design parameters/operating conditions,
and ground-measured meteorological data.

2. Methodology
2.1. Justification for simulation model selection

Several factors in this study influenced the selection of the System
Advisor Model (SAM) software based on the Transient System Simula-
tion (TRNSYS) for wind power performance modeling. These factors
include: (i) detailed performance analysis: SAM allows for a compre-
hensive analysis of wind power performance by considering the entire
system through system-level simulation. (ii) Availability of input data-
sets: The software provides access to input datasets containing design
parameters for various wind power plant components. These datasets
are essential for accurate modeling and (iii) parametric analyses: SAM
enables the execution of many simulations through script and code
writing capabilities with multiple programming languages. This facili-
tates conducting parametric analyses to explore various scenarios. As
part of building the methodology of this work, the system components
have been determined for the wind power model configurations. Several
analyses have justified utilizing SAM software based on TRNSYS simu-
lation. The computational algorithm and control are explained for a
comprehensive performance assessment of the wind power technology,
among other performance metrics such as LCOE and energy-related
parameters concerning the performance of plant subcomponents (Ho,
2008). According to SAM developers (Wagner and Gilman, 2011), the
software is based on hourly simulations interacting with performance
and financial models to calculate energy outcomes and cash flows while
considering the Capital Expenses (CAPEX) and Operating Expenses
(OPEX) of a project. SAM allows for exchanging data with external
software for further detailed analysis, such as using advanced statistical
tools, as in this work’s case. Most inputs to the model can be used as
parametric variables to investigate the impacts of variations in technical
performance and economic indicators, such as LCOE (see Appendix E).
SAM uses a performance engine (TRNSYS), which includes customized
components, developed at the University of Wisconsin. It should be
recognized that TRNSYS is a time-series simulation program that can
simulate system component performance, and it is integrated into SAM
for faster simulation run time.

2.2. Computational algorithm and control

SAM is demonstrated as a software that handles the comprehensive
performance of wind power technologies. In general, total system
analysis software(s) evaluate the overall performance metrics (LCOE)
and energy outputs depending on detailed processes with information
concerning the performance of subcomponents (Ho, 2008). The complex
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process models in SAM require input parameters (see Appendix E) and
distributions for uncertainty and sensitivity analyses obtained from
surveys of power plants, operational tests, detailed reviews, and expert
judgments. The framework for modeling complex systems relies on
passing information from various process models to prioritize modeling
and characterization for the objectives that impact the financial and
performance metrics. In one study (Trabelsi et al., 2016), the algorithms
in SAM for analyzing the components, parameters, and time-dependent
inputs are explained. In addition, SAM combines hourly simulation
models with performance and economic models to estimate energy
output, financial metrics, and cash flows. It includes built-in CAPEX,
OPEX, and performance models and can exchange data with external
models developed in Microsoft Excel. Furthermore, it can model
plant-level simulations since the performance of each of the component
models is based on correlations, analytical functions, and factors
describing the physical processes. This allows detailed modeling,
including spatial and temporal variability within subcomponents.
Hence, SAM is selected as one of the analysis tools in this work after
surveying numerous software(s).

2.3. Modelling approach

As stated earlier, the study utilizes SAM, and it is essential to note
that it relies on TRNSYS for simulations (Wagner and Gilman, 2011). It
allows users to input design parameters (see Appendix E) for wind power
plants to align with the desired operational philosophy and design
conditions. Furthermore, it enables a detailed hourly performance
evaluation and provides financial and economic estimations for the
project (Ho, 2008; Trabelsi et al., 2016). In addition to its performance
evaluation and financial estimation capabilities, it also incorporates
dispatch optimization features. These features rely on user inputs for
dispatch control algorithms and weekday/weekend schedules. This al-
lows users to analyze the effects of different options on plant perfor-
mance and economics. Further, it relies on various primary input data to
ensure accurate simulations and assessments. One of the essential inputs
is the typical meteorological year file, which contains site characteristics
such as elevation, latitude, and longitude. This file provides detailed
meteorological and resource data in the following format: (i) day of the
year, (ii) time in hourly format, (iii) air temperature, (iv) relative hu-
midity, (v) wind speed, (vi) wind direction, (vii) atmospheric pressure,
and (vii) wet-bulb temperature. Furthermore, financial parameters such
as analysis periods, interest rates, price escalation, and inflation rates are
crucial to the model. These parameters enable accurate financial eval-
uations and assessments within the software. As part of this work, Ap-
pendix C provides detailed information on the natural resources and
meteorological characteristics consisting of the meteorological data,
location characteristics, meteorological characteristics, prevailing con-
ditions, and energy output estimation.

2.4. Parametric analyses

In this work, the following outcomes are provided using detailed
analyses: (i) daily profiles for wind speed and «a at different height levels,
(ii) monthly profiles for wind speed and direction frequencies at refer-
ence 2 MW wind turbine’s hub height with normal distributions, (iii)
statistical results of wind speed in m/s, wind direction in deg (°) unit,
ambient temperature in °C unit, and other meteorological data at the
reference turbine’s hub height, and (iv) Locally Estimated Scatterplot
Smoothing (LOESS) regression analyses for the wind resource.

It should be mentioned that the row orientation is a critical param-
eter in designing a wind farm layout. This work presents 60 optimal
configurations with optimal values of wind power plant layout angle
(Bplant) based on the lowest LCOE. The wake effect or wake turbulence is
an important consideration when planning wind farm layouts, as it can
impact the efficiency of turbines located downstream of the wind flow.
The technical description of the wind farm model considers wake effect
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losses, and the used model provides a tool for optimizing the placement
of wind turbines within a wind farm to minimize wake effect losses. The
wake effect occurs when wind passes over turbine blades, leading to
turbulence and reduced wind speed for subsequent turbines located
downstream. The inputs to the model are as follows: (i) number of tur-
bines, row orientation or angle west of north of a line perpendicular to
the rows of turbines). This impacts the positioning of turbines in relation
to prevailing wind directions and (ii) wind direction distribution (input
data about the frequency of wind coming from different directions). In
the optimization algorithm the model uses optimization algorithms to
suggest potential reconfigurations of turbine layout to minimize wake
effects while maximizing power output. The model outputs consist of the
following: (i) estimated wake losses in which the model provides an
estimate of power losses due to wake effects, (ii) optimal layout, which is
a suggested turbine layout to minimize wake losses, (iii) performance
metrics, which included an overall efficiency and estimated annual en-
ergy production. About the limitations and challenges, the model is
based on typical wake behavior, and actual results may vary based on
local conditions. Hence, assuming homogeneity in turbine types and
sizes does not account for variations in terrain, which can also affect
wind flow patterns.

Additionally, several evaluations are performed in this work by
varying the number of rows in the wind power plant (N;) and the wind
power plant layout angle (8pjay:), which are the primary investigated
design parameters. The impact of varying N, and 6p,n; on the annual
gross energy, LCOE, performance ratio, capacity factor, and wake losses
are evaluated for 2220 configurations, including 60 optimal design
configurations. The model simulation is performed for 2220 runs from
which 60 optimal configurations are identified corresponding to various
row configurations (i.e., 1-row, 2-row, 3-row, ..., 60-row). It should be
mentioned that the optimization and performance assessment includes a
techno-economic evaluation in which it is established by examining the
effects of the two primary design parameters as follows: (i) N; is varied
from 1 to 60 with an increment of 1 row, and (ii) 6pjay is varied from 0 to
360 ° with an increment of 10 °.

The total variations bring the investigated simulation runs to 2220
runs, which are divided into 60 categories as follows: (i) category 1 of
60: (1-row x 0 °), (1-row x 10 °), (1-row x 20 °) ..., (1-row x 360 °), (ii)
category 2 of 60: (2-row x 0 °), (2-row x 10 °), (2-rowx 20 °) ..., (2-row X
360°), ... ... , and up to, (iii) category 60 of 60: (60-row x 0 °), (60-row x
10 °), (60-row x 20 °) ..., 60-row x 360 °).

The detailed monthly performance for the following selected 8 of the
60 optimal configurations of wind power plants is further evaluated. It
should be recognized that the optimal configurations have optimal
values of 6, based on the lowest LCOE values: (i) category 1 of 60: the
optimal 1-row configuration, (ii) category 2 of 60: the optimal 2-row
configuration, (iii) category 3 of 60: the optimal 3-row configuration,
(iv) category 4 of 60: the optimal 4-row configuration, (v) category 40 of
60: the optimal 40-row configuration, (vi) category 46 of 60: the optimal
46-row configuration, (vii) category 52 of 60: the optimal 52-row
configuration, and (vii) category 58 of 60: the optimal 58-row config-
uration.

In addition, the frequency profiles for the following 12 assessment
parameters are evaluated from January to December: (i) parameter 1 of
12: wind speed in m/s unit at the reference turbine’s hub height, (ii)
parameter 2 of 12: wind direction in deg (°) unit at the reference tur-
bine’s hub height, (iii) parameter 3 of 12: ambient temperature in °C
unit at the reference turbine’s hub height, (iv) parameter 4 of 12: at-
mospheric pressure in atm unit at the reference turbine’s hub height, (v)
parameter 5 of 12 under category 1 of 60: generation of the optimal 1-
row configuration in kW unit, (vi) parameter 6 of 12 under category 2
of 60: generation of the optimal 2-row configuration in kW unit, (vii)
parameter 7 of 12 under category 3 of 60: generation of the optimal 3-
row configuration in kW unit, (vii) parameter 8 of 12 under category
4 of 60: generation of the optimal 4-row configuration in kW unit, (ix)
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parameter 9 of 12 under category 40 of 60: generation of the optimal 40-
row configuration in kW unit, (x) parameter 10 of 12 under category 46
of 60: generation of the optimal 46-row configuration in kW unit, (xi)
parameter 11 of 12 under category 52 60: generation of the optimal 52-
row in kW unit, and (xii) parameter 12 of 12 under category 58 of 60:
generation of the optimal 58-row configuration in kW unit. Further-
more, the Monthly Frequency Profiles (MFPs), Hourly Frequency Pro-
files (HFPs), and Annual Frequency Profiles (AFPs) for the 12 assessment
parameters mentioned above are evaluated.

2.5. Modelling approach

In this work, SAM is used in analyzing wind power performance
modeling (Wagner and Gilman, 2011; NREL, 2019). The flexibility of
selecting various design parameters is one of the main reasons for
selecting it, as it allows the user to set rated design conditions. Addi-
tionally, it provides the capability to conduct a thorough hourly per-
formance assessment, allowing for a detailed evaluation of project
performance over time. It also offers financial and economic estimations
tailored explicitly to the analyzed project. This enables users to assess
the project’s financial viability and economic feasibility based on
various factors and input parameters (Ho, 2008; Trabelsi et al., 2016).

Moreover, SAM encompasses dispatch optimization features that
depend on user inputs (see Appendix E) for the dispatch control algo-
rithm, incorporating schedules for weekdays and weekends. This func-
tionality enables users to evaluate the effects on wind power plant
performance and economics, offering a range of options for analysis.
Furthermore, it takes a comprehensive approach by considering the
plant’s performance and providing detailed assessments of electricity
output. This ensures a comprehensive evaluation of the plant’s perfor-
mance and contribution to the overall electricity generation system
(Hamilton et al., 2020; Wagner, 2008). Such features strongly support
the use of SAM in project assessments for wind power plants to provide
feasibility measures before installation and construction (Fares and
Abderafi, 2018; Ashurst, 2016).

Several design parameters must be provided as inputs to run simu-
lations for wind power modeling in SAM. These parameters include
wind turbine design details, the type of SRW meteorological file, loca-
tion characteristics, and financial input parameters. For the simulation
model, the meteorological parameters required as inputs are air tem-
perature, relative humidity, wind speed, wind direction, and atmo-
spheric pressure. These parameters are needed for 8760 h yearly,
comprehensively representing meteorological conditions. When
modeling a mega-scale system like a wind power plant with various
subsystems, one of the main challenges is managing the computational
demand of the subsystem models; hence, specific techniques are
employed to reduce simulation running time. This study considers using
software(s) for time-series analyses, which helps mitigate the intensive
computational time, especially when conducting detailed parametric
analyses. These software tools aid in achieving faster simulations while
maintaining accuracy and facilitating detailed analysis of the wind
power plant system.

3. Results and discussion
3.1. Technology description

This work presents a comparative techno-economic assessment and
minimization of the LCOE for increasing wind power capacity by row
and angle layout optimization. In the wind power plants, each wind
turbine within the designated rows has a rated capacity of 2 MW, the
standard capacity for the reference wind turbine mentioned earlier.
Additionally, reference 2 MW wind turbine has a cut-in wind speed of 3
m/s, a rated wind speed of 11 m/s, and a cut-out wind speed of 25 m/s.
These wind speed thresholds determine the operational range of the
turbine, indicating the wind speeds at which it starts generating power,
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operates at its rated capacity, and shuts down to protect itself from
excessive winds. Fig. 1 shows a simplified illustration for a single-row
configuration to be used as the base for analyzing 2220 design config-
urations. These configurations have increasing power capacities and are
connected to the following components: (i) electrical grid, (ii) sub-
stations (step-up/down), (iii) overhead lines, and (iv) residential units.
Fig. 2 shows reference 2 MW wind turbine’s power curve, and Table 1
shows its design characteristics used in this work. It should be recog-
nized that the design characteristics for the wind turbine type used in
this work are shown in Table 1.

The reference 2 MW wind turbine has specific technical specifica-
tions and service requirements as a large-scale wind turbine. The tur-
bine’s mechanical design considers enhanced mechanical capacity in
various components, including the yaw system, framework, central axis,
and blade bearings. These improvements aim to increase the turbine’s
component reliability and enable larger rotors’ utilization. The larger
rotor size allows for capturing more wind kinetic energy, maximizing
power generation even in varying wind strengths. The turbine aims to
improve overall performance and efficiency by optimizing these aspects.
Additionally, in the turbine’s drive train, the main axis is supported by
two spherical bearings, which offer added advantages. These bearings
help transmit the surrounding loads to the framework through a rack,
preventing the gearbox from experiencing additional loads. This design
feature helps to reduce breakdowns and extends the overall lifespan of
the turbine. Minimizing stress on the gearbox allows the turbine to
operate more efficiently and reliably, resulting in improved performance
and durability. Furthermore, the turbine’s design includes a lightning
protection system that adheres to the International Electrotechnical
Commission (IEC) 62,305 standard. This system is implemented to
prevent lightning strikes from causing damage to the turbine. The
lightning protection system conducts the lightning from the sides of the
blade’s tip to the root, through the nacelle, tower structure, and ulti-
mately into the foundation (ground). This protection mechanism safe-
guards the blades, bearings, and main axis from the potentially harmful
effects of lightning traveling through them. Also, it helps prevent
burnout situations for the electrical and electronic equipment within the
turbine. Moreover, the turbine is equipped with a controlled braking
system. This includes aerodynamic brakes and mechanical emergency
brakes located at the output of the high-speed axis of the gearbox. These
brakes ensure that the turbine can be safely stopped when needed. A
hydraulic control system is also incorporated to provide braking in cases
of excessive transmission load, further enhancing the safety and control
of the turbine’s operation.

3.2. Mathematical description

Several factors play a crucial role in determining the performance of
wind power-generating units (Aeolos, 2020). Among these factors, wind
speed is considered the primary and most influential factor when esti-
mating the energy output of a unit. Eq. (1) illustrates the relationship
between wind speed and energy output. Wind speed plays a crucial role
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Fig. 2. Power curve for reference 2 MW wind turbine used in this work.

as it directly affects the rotation speed of a wind turbine’s blades. Higher
wind speeds lead to faster blade rotation, resulting in increased energy
production compared to situations with lower wind speeds. The rela-
tionship between wind speed and energy production is such that higher
wind speeds translate into higher power output from the wind turbine.
The output of the wind power-generating unit (P,,) is determined using
Eq. (1), commonly known as Betz’s law. The equation describing the
relationship between wind energy extraction and the principles of mass
and momentum conservation is derived from the theoretical concept
known as Betz’s law. A German physicist, Albert Betz, formulated this
law in 1919 to establish the maximum achievable energy capture from
wind, independent of specific wind turbine designs. According to Betz’s
law, no turbine can capture more than 59.3% of the available energy in
the wind at a given location. This value, expressed as the fraction 16/27
or approximately 0.593, is commonly referred to as Betz’s coefficient
(see Appendix D).

P,=(1/2)C,pAyu; (@)

where C, is the wind turbine power coefficient or performance co-
efficient (i.e., an indicator of turbine efficiency), p is the air density, A, is
the blade’s swept area of the turbine, and u, is the wind speed at the
turbine’s hub height.

Several factors influence the performance of wind power-generating
units. The second factor is the parameter a, which relates to the unit’s
wind speed and installation height. The optimal hub height for instal-
lation depends on the a value. If « is significant, it can cause an imbal-
ance in the wind load on the blades’ swept area, adversely affecting both
the blades and the nacelle. This imbalance can result in operational
problems and a shorter lifespan for the unit. The third important factor is
the ambient temperature. When the ambient temperature exceeds the

-4,

Fig. 1. Simplified illustration of a single-row configuration with grid connection, substations, overhead lines, and residential units.
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Table 1
Design characteristics for the reference wind turbine used in this work.
Description Value Unit
Make and model Siemens-Gamesa G97 -
Power capacity 2000 kw
Number of blades 3 -
Cut-in wind speed 3 m/
s.
Rated wind speed 11 m/
s.
Cut-out wind speed 25 m/
s.
Rotor diameter 97 m
Swept area 7390 m?
Rotational speed 9.6-17.8 rpm
Blade material pre-impregnated epoxy glass fiber +
carbon fiber
Blade length 47.5 m
Blade cord, maximum 3,41 m
Blade cord, minimum 0,057 m
Blade torsion 8,5 m
Turbine cover dimensions 10.583 x 3505 x 4487 m
Turbine cover material reinforced matrix composite -
Turbine hub material Nodular cast iron -
Main shaft type Cast shaft -
Main shaft support Nodular cast iron
Front frame material Nodular cast iron -
Yaw system type Yaw ring with friction bearing -
Tower type Tubular truncated -
Tower material Structural carbon steel -
Tower surface treatment Painted -
Gearbox type 1 planetary stage, 2 parallel stages -
Gearbox ratio 1:106.8 (50 Hz) 1:127.1 (60 Hz) -
Main shaft coupling Cone collar -
High-speed shaft coupling Flexible coupling -
Generator type Doubly-fed machine
Generator nominal power 2070 kw
Generator voltage 690 Vac
Generator frequency 50/60 Hz
Mechanical brake type Disc -
Hydraulic unit operating 220 bar
pressure
Control unit voltage 24 Vdc
Transformer type Three-phase, dry-type encapsulated -
Nacelle weight 72 t
Rotor weight 47 t
Tower weight 165 t

normal operating range of the unit, it has a noticeable impact on the
energy output. Higher temperatures lead to a decrease in air density,
which decreases the energy output, according to Eq. (1). Shallow
ambient temperatures can also cause the blades to freeze, necessitating a
shutdown of the unit. The fourth factor is the tower height on which the
wind power-generating unit is mounted. As the tower height increases,
the unit’s energy output increases due to higher wind speeds at greater
heights above the ground. The air density is the fifth-factor affecting
energy output estimation, as indicated in Eq. (1). Lower air density
corresponds to weaker winds, increasing the unit’s rated wind speed and
cut-in speed, thereby reducing the energy output. The sixth factor is the
unit’s rated capacity, which refers to the maximum power the generator
can produce. A lower rated capacity corresponds to a lower annual en-
ergy output. Lastly, the seventh factor is the yearly valid operating
period. A shorter active working period leads to a smaller annual energy
output. It is important to note that periods of zero production are
considered when calculating the capacity factor. Therefore, accurately
estimating the unit’s availability in a large-scale power plant is crucial as
it directly impacts the project’s economic feasibility.

To achieve the best possible effectiveness, upholding the designated
power export to the grid is generally advised. The economic viability of a
wind power facility can be assessed through various means, with the
LCOE method being the most commonly employed approach. This
method considers the CAPEX and OPEX of installation, electricity gen-
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eration, and operational and maintenance expenditures, thereby offer-
ing a thorough economic evaluation. The LCOE criterion is extensively
used in scholarly works to compare diverse electricity generation tech-
nologies (Branker et al., 2011; IRENA, 2012; Hoffmann, 2010; IRENA,
2018). The LCOE method determines the net present value of the elec-
tricity’s unit cost over the entire lifespan of a thermal power generation
unit. It estimates the price the technology needs to attain to recover
expenses and reach a breakeven point throughout the plant’s opera-
tional period (IRENA, 2012). In this work, the LCOE is calculated using
Eq. (2) as follows (Short et al., 1995):

FCRxTCC + FOC "

LCOE =
AEP

vOC 2

where,

FCR: Fixed Charge Rate is the revenue per amount of investment
required to cover the investment cost (—).

TCC: Capital cost or installed capital costs (CAPEX) ($).

FOC: Fixed annual operating cost or operations and maintenance
costs (OPEX) ($).

VOC: Variable operating cost or operations and maintenance costs
per unit of annual electricity production ($/kWh).

AEP: Annual Electricity Production (kWh).

In one study (Mohideen et al.,, 2023), the cost of hydrogen is
analyzed. For simplicity, extending that understanding to electricity
production provides a preliminary idea of the financial analysis of LCOE.
For instance, the cost of electricity is measured using the metric LCOE,
which can be thought of for simplicity purposes to illustrate the dis-
counted lifespan cost of installing and maintaining a plant or as cost per
energy unit of electricity production. Hence, LCOE can be thought of
preliminary as the ratio of the net present value of the total cost of the
electricity production plant to the net production value of the total
quantity of electricity anticipated to be generated during the plant’s
lifetime, as shown in Eq. (3), Eq. (4) and Eq. (5) where n is a time period.

. Total CAPEX and OPEX,
Net present value of total cost = ; (1 & discount rate)n 3
Electricity Production,
Net present value of electricity product = ; (elcjltcizs}c/:ojr(:t ;‘ft;;[: 4)
Net present value of total cost
p ®)

LCOE =
ZNet present value of electricity product

n

According to the IEC standard 61,400-1, wind power plant locations
are categorized into different classes of wind turbines based on the wind
resource characteristics. These characteristics include mean wind speed
at the turbine’s hub height, average turbulence intensity, gust wind
speeds, and the wind shear parameter . Wind turbines experience static
and dynamic loads from various sources, including. This standard
specifies limitations on o and defines allowable ranges. The design limit
for o is set at 0.2, meaning that locations with o values above 0.2 are
generally considered undesirable for most wind turbine classes. This
indicates that an excessive value of a can pose challenges and may not be
suitable for wind turbines’ efficient and reliable operation.

Once the Reference Level of Calculations (RLCs) is determined, the
wind speed data collected from a meteorological mast at the selected
location in Kuwait is utilized to calculate the o values. Detailed 10-min
analyses specifically focus on o between two elevations: 100 m and 40
m. The mean, maximum, minimum, and total number of « values are
evaluated. These assessments provide valuable insights into the char-
acteristics of « at the site, shedding light on the wind shear parameter’s
behavior and variability within the studied area. Using Eq. (6), the
annual mean of a, calculated within the range of 0.14-0.18, is crucial in
estimating the wind energy yield at the chosen location. These
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calculations play a significant role in accurately assessing the wind
resource potential and predicting the energy output from the wind
power plant. An accurate estimation of a is essential for evaluating the
potential wind energy generation at the site. It helps in determining the
appropriate wind turbine design, optimizing the performance of the
wind power plant, and making informed decisions regarding project
feasibility and profitability.

0 In(uy/uy) ®)

In(z,/21)

where u; is the wind speed at a higher altitude, u is the wind speed at a
lower altitude, z; is the higher altitude, and z, is the lower altitude. It is
essential to acknowledge that in the selected location for this study, the
atmosphere tends to be relatively stable during nighttime. This stability
contributes to a noticeable shear in the boundary layer. The shear refers
to a variation in wind speed and direction with height; in this case, it
becomes more prominent during nighttime due to the atmosphere’s
stability. It is worth noting that the observed cyclic trend of the wind
resource can serve as a compensatory factor for afternoon peak load
shaving or leveling in Kuwait. Consequently, this trend of having a
pronounced shear in the boundary layer during nighttime can poten-
tially enhance wind power generation and the Peak Load Shaving
Capability (PLSC). The PLSC refers to the ability of a wind power plant to
reduce peak electricity demand. It can be estimated using Eq. (7) as
follows:

k
PLSC= Y E(N) / N %)
y=1

where E(N}") is the amount of electricity produced by a renewable
power technology, such as wind power, and N} is the number of critical
hours. Additionally, the output of a single wind power-generating unit
(P,,) is calculated from Eq. (8). Furthermore, the wind power density (P,)
is calculated using Eq. (8) (see Appendix D).

Py =(1/2)pu; ®
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3.3. Wind resource, statistical, and regression analyses

Fig. 3 shows the hourly wind speed and «a profiles for one day in the
chosen location in Kuwait at different height levels. The comparison
between daytime and nighttime reveals that the difference in the ver-
tical a is noticeable. The wind speeds are distributed equally and
vertically during the day with lower a values (on average, o = 0.15). In
comparison, the wind speeds increase for higher elevations above the
ground at night, thus increasing the o values (a > 0.29).

It should be noted that understanding wind behavior and class is
crucial for assessing the chosen location’s suitability for mega-scale
wind power installations since mega-scale wind turbines are designed
to withstand certain design conditions. Considering a mean air density
of 1.12 kg/ m3, a rotor-swept area of 7390 m? for the reference wind
turbine with a rated capacity of 2 MW, a rotor diameter of 97 m, and a
mean wind speed of 8.02 m/s (as shown in Table 1); therefore, the P4
value is calculated to be 289 W/ m? using Eq. (8) (see Appendix D).

Generally, an annual frequency evaluation of wind speed and di-
rection is insufficient for wind power assessment. Therefore, the corre-
sponding monthly profiles have been investigated in this work. A
detailed resource assessment focusing on wind speed and direction has
also been performed for the chosen location in Kuwait. The evaluation
resulted in identifying wind dominance in the northwest direction. It can
be concluded that June and July have maximum wind speed profiles and
dominant wind direction with consistent two levels compared to other
months, showing relative dominance in the same wind direction.

In particular, the wind resource assessment incorporated several
regression analyses of LOESS. This work utilizes the LOESS regression
method to find the best fit for the wind data points. It should be
recognized that the LOESS analysis is an investigation in which least
squares regression is performed in localized subsets, such as in the case
of hourly wind speed and wind direction data. The complete LOESS
analyses concluded that the wind direction and distribution ranges
showed consistent and robust northwest components. In addition, the
seasonal wind direction distribution is evaluated, and the dominant
wind direction is observed to be maintained without significant varia-
tions throughout the year (see Figs. 4-6). Fig. 4 shows various plots
corresponding to separate monthly LOESS analyses. It should be noted
that the horizontal axes in Fig. 4 indicate the wind direction in the deg

~-alpha_100m - 97.5m
alpha_ 80m - 60m

~alpha_97.5m - 80m
~=-alpha__60m - 40m

09

Average wind shear exponent

Time (YYYY/MM/DD @ HR)
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walpha__60m - 40m

walpha_100m - 97.5m
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Time (YYYY/MM/DD @ HR)

Fig. 3. Profiles for the wind speed and « at different height levels during one day.
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Fig. 4. Results of the LOESS regression analyses (monthly) for the wind resource during hours 0 to 23 for a typical year in the chosen location in this work.

(°) unit, whereas the vertical axes indicate the wind speed in the m/s
unit. The boxplots on the right and top sides of the plots provide helpful
information concerning the range, average, maximal, and minimal
values.

In statistical modeling, a regression analysis is a set of statistical
processes for estimating the relationship between a dependent variable
and other independent variables (one or more). The LOESS regression
analyses reveal that the correlations between wind speed and direction
provide essential information for identifying the months with the
highest contribution toward wind power generation. Hence, such find-
ings can be used in wind power scheduling to increase the energy yield
of future mega-scale installations of wind power plants (i.e., high power
capacities) in the chosen location in Kuwait. As illustrated in Fig. 4, the
large markers represent the hour count in which the early hours of the
day are represented with smaller markers than later. Furthermore, the
wind speed and direction correlations show consistent trends in June,

July, August, and September. Thus, it is revealed that a high concen-
tration exists at a specific wind direction, i.e., approximately 318 °.
Additionally, it is concluded that the highest concentrations occur dur-
ing June and July, with a mean wind speed of 11.27 m/s and 10.74 m/s,
respectively. Further, as shown in Fig. 4, the red curves indicate sharp
spikes at approximately 318 °, confirming the previous finding. Table 2
shows statistical results (annual) for the primary meteorological data at
the reference wind turbine’s hub height. It is crucial to understand the
wind resource if despatching wind power is accompanied by other
renewable energy technologies, such as CSP-PT. Also, CSP-PT with TES
capability is considered a dispatchable power source and can provide
additional economic benefits once combined with wind power, an
intermittent source. For the chosen location in Kuwait, it is essential to
realize that the wind resource is at maximal levels during the nighttime
when CSP-PT can be dispatched using a TES system. Such dispatch
operation will increase the economic feasibility and reduce the
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Table 2
Statistical results (annual) for primary meteorological data at the reference wind
turbine’s hub height during a typical year.

Description Wind Wind Atmospheric Ambient
speed, direction, pressure, (atm) temperature,
(m/s) ©) (o]

Mean 8.02 253.30 0.9646 30.89

Median 7.85 306.11 0.9654 31.98

Maximum 21.05 359.91 0.9832 50.20

Minimum 0.22 0.24 0.9493 7.88

Range 20.83 359.67 0.0339 42.32

Standard 3.59 95.73 0.0067 9.78

Deviation

curtailment of renewable power cogeneration. It should be recognized
that the wind resource assessment and the LOESS regression analyses
have provided an acceptable correlation between wind speed and di-
rection, resulting in the nighttime showing maximal values. Therefore,
CSP-PT and wind power complement each other for the case of the
chosen location in this work, as shown in Table S. 9 (solar resource) and
Figs. 4-6 (wind resource).

3.4. Optimization analyses

In this work, the model simulation is performed for 2220 design
configurations, from which 60 optimal configurations are identified
corresponding to different row configurations. The optimization is
accompanied by a techno-economic evaluation, which is established by

10

studying the effects of varying two primary parameters (N, and 6p,) for
several wind power plants using reference 2 MW wind turbine. The
variations bring the total investigated simulations to 2220 runs, divided
into 60 categories. While interpreting the following sections, it should be
noted that the results of the 2220 configurations are shown in three-
dimensional (3D) illustrations, i.e., Fig. 7(a and b), Fig. 8(a and b),
Fig. 9(a and b), and Fig. 10(a and b). Whereas the 60 optimal configu-
rations (one for each of the 60 categories as mentioned earlier) are
shown in two-dimensional (2D) illustrations, i.e., Figs. 7(c), 8(c) and 9
(c), and Fig. 10(c).

The impact of varying N; and 6,j,,; on the LCOE, and annual gross
energy is evaluated. Fig. 7(a) shows the results of a parametric analysis,
which reveals that the change in the LCOE occurs as the N; and 8jjan
values differ. As the N, value increases, an increase in the LCOE occurs
for the following ranges of 6pjan: 110-140 ° and 280-320 ° (red areas).
Whereas at small values of N;, a decrease in the LCOE occurs for the
following ranges of Opjan:: 0-75 °, 160-260 °, and 340-360 ° (dark-blue
areas). Fig. 7(b) shows a linear increase in annual gross energy as the N,
value increases for almost all ranges of 6jjan¢. Fig. 7(c) shows the LCOE,
N;, and 6pjay for each of the 60 optimal configurations based on the
LCOE-minimization criterion.

The impact of varying N; and 6., on the wake losses and annual
gross energy is evaluated. Fig. 8(a) shows the results of a parametric
analysis, which reveals that the change in the wake losses occurs as the
N; and Bjjan values differ. As the N, value increases, an increase in the
wake losses occurs for the following ranges of 8pjan:: 110-140 ° and 280-
320 ° (red areas). Whereas at small values of N;, a decrease in the wake
losses occurs for the following ranges of 8pjanc: 0-75 °, 160-260 °, and
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Fig. 7. Impact of varying N, and 64, on the LCOE and annual gross energy: (a)
for 2220 configurations, (b) for 2220 configurations, and (c) for 60 optimal
configurations.

340-360 ° (dark-blue areas). Fig. 8(b) shows a linear increase in annual
gross energy as the N; value increases for almost all ranges of 6j1.y:. Also,
Fig. 8(c) shows the wake losses, N;, and 8., for each of the 60 optimal
configurations based on the LCOE-minimization criterion.

The impact of varying N; and 6pjay on the performance ratio and
annual gross energy is evaluated. Fig. 9(a) shows the results of a para-
metric analysis, which reveals that the change in the performance ratio
occurs as the N; and O, values differ. As the N, value increases, a
decrease in the performance ratio occurs for the following ranges of

11
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Fig. 8. Impact of varying N, and 6y, on the wake losses and annual gross
energy: (a) for 2220 configurations, (b) for 2220 configurations, and (c) for 60
optimal configurations.

Oplant: 110-140 ° and 280-320 ° (dark-blue areas). Whereas at small
values of N, an increase in the performance ratio occurs for the
following ranges of Opjay:: 0-75 °, 160-260 °, and 340-360 ° (red areas).
Fig. 9(b) shows a linear increase in annual gross energy as the N, value
increases for almost all ranges of pjan. Also, Fig. 9(c) shows the per-
formance ratio, N;, and 8pja, for each of the 60 optimal configurations
based on the LCOE-minimization criterion.

The impact of varying N, and pjaq: on the capacity factor and annual
gross energy is evaluated. Fig. 10(a) shows the results of a parametric
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Fig. 9. Impact of varying N, and e, on the performance ratio and annual
gross energy: (a) for 2220 configurations, (b) for 2220 configurations, and (c)
for 60 optimal configurations.

analysis, which reveals that the change in the capacity factor occurs as the
N; and Ojj,n values differ. As the N; value increases, a decrease in the
capacity factor occurs for the following ranges of Opjan: 110-140 ° and
280-320 ° (dark-blue areas). Whereas at small values of N,, an increase in
the capacity factor occurs for the following ranges of 6pjaq: 0-75 °, 160-
260 °, and 340-360 ° (red areas). Fig. 10(b) shows a linear increase in
annual gross energy as the N; value increases for almost all ranges of Opjan;.
Also, Fig. 10(c) shows the capacity factor, N;, and 6., for each of the 60
optimal configurations based on the LCOE-minimization criterion.
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3.5. Impact of wind resource

Firstly, Figs. 5-7 reveal that the frequency of the wind resource has a
clear impact on the LCOE and annual gross energy once linked with the
variation of N; and Opjay. Because there are more wind turbines for
higher N, values, the turbines create more turbulence at high wind
speeds, leading to increased wake losses. As a result, the generation
decreases, and the LCOE rises accordingly. This explanation justifies the
continuous increase in the LCOE shown in Fig. 7(a) for 6pjay: 110-140 °
and 280-320 ° (red areas). Furthermore, this explanation justifies the
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initial slight increase and continuous decrease in the LCOE for Ojjan:: O-
75°,160-260 °, and 340-360 ° (dark-blue areas). Secondly, Figs. 5-7 and
8 reveal that the frequency of the wind resource has a clear impact on
the wake losses and annual gross energy once linked with the variation
of N; and 6j,,;. Because there are more wind turbines at higher N,
values, the turbines create more turbulence at high wind speeds, leading
to increased wake losses. As a result, the generation decreases, and the
wake losses increase accordingly. This explanation justifies the contin-
uous increase in the wake losses shown in Fig. 8(a) for 0pjan:: 110-140 ©
and 280-320 ° (red areas). Furthermore, this explanation justifies the
initial slight increase and continuous decrease in the wake losses for
Oplanc: 0-75 °, 160-260 °, and 340-360 ° (dark-blue areas). Thirdly,
Figs. 5-7 and 9 reveal that the frequency of the wind resource has a clear
impact on the performance ratio and annual gross energy once linked
with the variation of N; and 0jjan. Because there are more wind turbines
for higher N, values, the turbines create more turbulence at high wind
speeds, leading to increased wake losses. As a result, the generation
decreases, and the performance ratio drops accordingly. Lastly, Figs. 5-7
and 10 reveal that the frequency of the wind resource has a clear impact
on the capacity factor and annual gross energy once linked with the
variation of N; and Opjay. Because there are more wind turbines for
higher N, values, the turbines create more turbulence at high wind
speeds, leading to increased wake losses. As a result, the generation
decreases, and the capacity factor decreases accordingly.

3.6. Monthly performance assessment

This section evaluates the Monthly Frequency Profiles (MFPs) of the
selected 8 of the 60 optimal configurations (i.e., for categories 1, 2, 3, 4,
40, 46, 52, and 58 of 60) in relation to the Annual Frequency Profiles
(AFPs). The optimal selection is based on the LCOE-minimization cri-
terion, and the selected eight optimal configurations are as follows: (i)
the optimal 1-row configuration at 70 ° (N; = 1 and 8pjan; = 70 °), (ii) the
optimal 2-row configuration at 30 ° (N; = 2 and Oy = 30 °), (iii) the
optimal 3-row configuration at 210 ° (N; = 3 and Bjja = 210 °), (iv) the
optimal 4-row configuration at 80 ° (N; = 4 and Bz = 80 °), (V) the
optimal 40-row configuration at 30 ° (N; = 40 and 0pja, = 30 °), (vi) the
optimal 46-row configuration at 30 ° (N; = 46 and Opjay = 30 °), (vii) the
optimal 52-row configuration at 210 ° (N; = 52 and 6pjap; = 210 °), and
(vii) the optimal 58-row configuration at 210 ° (N; = 58 and 0jja = 210
%),

It should be recognized that the MFPs of the 12 assessment param-
eters are shown in Fig. S. 31 to Fig. S. 34 for the January to December
months. Additionally, the 12 parameters are listed in the following order
from left to right in Fig. S. 31 to Fig. S. 34: (i) wind speed, (ii) wind
direction, (iii) ambient temperature, (iv) atmospheric pressure, (v)
generation of run 421 of 2220: “the optimal 1-row configuration”, (vi)
generation of run 182 of 2220: “the optimal 2-row configuration”, (vii)
generation of run 1263 of 2220: “the optimal 3-row configuration”, (vii)
generation of run 484 of 2220: “the optimal 4-row configuration”, (ix)
generation of run 220 of 2220: “the optimal 40-row configuration”, (x)
generation of run 226 of 2220: “the optimal 46-row configuration”, (xi)
generation of run 1312 of 2220: “the optimal 52-row configuration”,
and (xii) generation of run 1318 of 2220: “the optimal 58-row
configuration”.

For each of the 12 assessment parameters, the following applies
concerning Fig. S. 31 to Fig. S. 34: (i) the white areas represent the MFPs,
(ii) the dark-blue areas represent the AFPs, and (iii) the light-blue areas
represent the intersection areas. Firstly, to understand the MFPs illus-
trations for the 12 assessment parameters, the ambient temperature
parameter (parameter 3 of 12) is chosen. It should be noted that since
the summer months have higher temperatures than the winter months,
the white areas travel from left to right, then from right to left, starting
from January and ending in December. This visual understanding should
aid in interpreting the data of the MFPs for the 12 parameters, which are
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shown in Fig. S. 31 to Fig. S. 34. Secondly, the following can be observed
from Fig. S. 31 to Fig. S. 34 concerning the wind speed (parameter 1 of
12) profiles: (i) June and July have a wide range of high wind speeds, (ii)
October, November, and December have a narrow range of low wind
speeds, and (iii) the remaining months have mid-range wind speeds
close to the annual average. Thirdly, after considering the results of the
LOESS regression analyses for the wind resource (see Fig. 4) along with
the MFPs (see Fig. S. 31 to Fig. S. 34), the following can be observed
concerning the wind direction (parameter 2 of 12) profiles: (i) June,
July, August, and September have concentrated range wind direction
close to 318 ° with high wind speeds, and (ii) the remaining months have
scattered range wind direction at low and high wind speeds. Fourthly,
the following can be observed from Fig. S. 31 to Fig. S. 34 concerning the
atmospheric pressure (parameter 4 of 12) profiles, the frequency pattern
of the atmospheric pressure is opposite to the ambient temperature
(parameter 3 of 12). Finally, the following can be observed from Fig. S.
31 to Fig. S. 34 concerning parameters 5, 6, 7, 8,9, 10, 11, and 12 of 12
(generation of the optimal 1, 2, 3, 4, 40, 46, 52, and 58-row configu-
ration, respectively): (i) for January and March: the MFPs slightly match
the AFPs at the lowest and highest (full load) generation ranges. Also,
the MFPs exceed the AFPs in the majority of the moderate generation
ranges, (ii) for February: the MFPs exceed the AFPs at the highest gen-
eration (full load) range, (iii) for April to May: the MFPs slightly match
the AFPs at the highest (full load) generation range and the majority of
the moderate generation ranges. Additionally, the MFPs exceed the AFPs
at the lowest generation range, (iv) for June to July: the MFPs exceed the
AFPs at the highest (full load) generation range and upper-moderate
generation ranges, (v) for August: the MFPs exceed the AFPs in the
majority of the moderate generation ranges. Moreover, the MFPs
perfectly match the AFPs at the lowest generation range, (vi) for
September: the MFPs perfectly match the AFPs at the highest (full load)
generation range. Additionally, the MFPs exceed the AFPs in the ma-
jority of the moderate generation ranges. Also, the MFPs slightly match
the AFPs at the lowest generation range, (vii) for October to December:
the MFPs exceed the AFPs at the lowest generation range,

3.7. Hourly performance assessment

This section evaluates the Hourly Frequency Profiles (HFPs) of the
selected 8 of the 60 optimal configurations (i.e., for categories 1, 2, 3, 4,
40, 46, 52, and 58 of 60) in relation to the Annual Frequency Profiles
(AFPs). The optimal selection is based on the LCOE-minimization cri-
terion, and the selected eight optimal configurations are previously
explained in Section 3.6 (Monthly performance assessment). It should be
recognized that the HFPs of the 12 assessment parameters are shown in
Fig. S. 35 to Fig. S. 42 for the 00:00 to 23:00 h in the same order
explained in the section above. For each of the 12 parameters, the
following applies concerning Fig. S. 35 to Fig. S. 42: (i) the white areas
represent the HFPs, (ii) the dark-red areas represent the AFPs, and (iii)
the light-red areas represent the intersection areas. Firstly, to under-
stand the HFPs illustrations for the 12 assessment parameters in Fig. S.
35 to Fig. S. 42, the ambient temperature parameter (parameter 3 of 12)
is chosen. It should be recognized that since most day hours have higher
temperatures than night hours, the white area travels from left to right,
then from right to left, starting from the daytime and ending with the
nighttime. This visual understanding should aid in interpreting the data
of the HFPs for the 12 parameters, which are shown in Fig. S. 35 to Fig. S.
42. Secondly, the following can be observed from Fig. S. 35 to Fig. S. 42
concerning the wind speed (parameter 1 of 12) profiles: (i) the HFPs of
the hours from 00:00 to 05:00 and 18:00 to 23:00 reach upper-high wind
speed ranges, and (ii) the HFPs of the hours from 06:00 to 17:00 stay
within moderate wind speed ranges. Thirdly, after considering the re-
sults of the LOESS regression analyses for the wind resource (see Fig. 4)
along with the HFPs (see Fig. S. 35 to Fig. S. 42), the following can be
observed concerning the wind direction (parameter 2 of 12) profiles: (i)
the HFPs of hours from 00:00 to 23:00 have a high concentrated range
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wind direction close to 318 °© with high wind speeds, and (ii) the HFPs of
hours from 00:00 to 23:00 have a low concentrated range wind direction
close to 150 ° with high wind speeds. Fourthly, the following can be
clearly observed from Fig. S. 35 to Fig. S. 42 concerning the atmospheric
pressure (parameter 4 of 12) profiles, the frequency pattern of the at-
mospheric pressure is opposite to the ambient temperature (parameter 3
of 12). Finally, the following can be observed from Fig. S. 35 to Fig. S. 42
concerning parameters 5, 6, 7, 8,9, 10, 11, and 12 of 12 (generation of
the optimal 1, 2, 3, 4, 40, 46, 52, and 58-row configuration, respec-
tively): (i) for the 00:00 to 01:00 (early-day) hours: the HFPs exceed the
AFPs at the highest (full load) generation range and the majority of the
moderate generation ranges, (ii) for the 03:00 to 06:00 (early-day)
hours: the HFPs match the AFPs at the highest (full load) generation
range and upper-moderate generation ranges, and (iii) for the 18:00 to
23:00 (late-night) hours: the HFPs exceed the AFPs at the highest (full
load) generation range and upper-moderate generation ranges.

3.8. Full load generation at rated wind speed

This section evaluates the full load generation at the rated wind
speed according to the wind turbine specifications (see Fig. 2 and
Table 1) for the selected 8 of the 60 optimal configurations (i.e., for
categories 1, 2, 3, 4, 40, 46, 52, and 58 of 60). Figs. 11 and 12 show that
the optimal 1-row configuration (category 1 of 60) has the highest full
load generation at the rated wind speed due to having the slightest wind
disturbance and wake losses as it corresponds to a 1-row configuration
(single row). It can be observed that the full load generation at the rated
wind speed decreases as the N, value increases. Furthermore, it can be
observed that the full load generation at the rated wind speed is inde-
pendent of Bpjay. It is concluded that the order from highest to lowest full
load generation at the rated wind speed is as follows: the optimal 1, 2, 3,
4, 40, 46, 52, and 58-row configuration, respectively.

3.9. Economic analysis

This section performs an economic assessment for the 60 optimal
configurations of the wind power plants based on the LCOE-
minimization criterion. The impact of varying N; and 8jj,,; on the
financial indicators for these configurations is assessed. The following
indicators are evaluated for the selected 8 of the 60 optimal configura-
tions (i.e., several designs of mega-scale wind power plants): (i) the
installed cost per watt, (ii) the present value of annual energy, (iii) the
net present value (annual costs) with relation to annual energy and
annual gross energy, (iv) the internal rate of return at the end of the
analysis period, (v) the project return (after-tax project maximum in-
ternal rate of return), (vi) the required Power Purchase Agreement (PPA)
price, (vii) the flip actual percentage, (vii) the flip target percentage, (ix)
the flip target year, and (x) the cash flow over the project lifetime.
Fig. 13 shows the installed cost per watt as a function of N, for the 60
optimal configurations. For the selected 8 of the 60 optimal configura-
tions, the corresponding installed costs are as follows: 2.0616, 2.0386,
2.0312, 2.0275, 2.0166, 2.0165, 2.0163, 2.0162 $/W, which correspond
to the LCOE values of 5.76734, 5.94352, 6.0849, 6.15907, 6.08697,
6.0745, 6.06462, 6.05662 cent/kWh, respectively. From the analysis
results, it can be concluded that there exists an exponential relation
between the installed cost per watt and N;.

Fig. S. 43 shows the present value of annual energy, the net present
value (annual costs), the annual energy, and the annual gross energy as a
function of N, for the 60 optimal configurations. It is clear that these
have increasing linear trends as N, increases. Thus, there exist linear
relations between these and N;. Fig. S. 44 shows the internal rate of
return at the end of the analysis period (25 years), the project return (i.
e., after-tax project maximum internal rate of return), and the required
PPA price. Fig. S. 45 shows multiple profiles for the 60 optimal design
configurations of the wind power plants: the flip actual percentage, the
flip target percentage, and the flip target year. Fig. S. 46 to Fig. S. 48
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Fig. 11. Full load generation at the rated wind speed for selected 4 of the 60
optimal configurations (the optimal 1, 2, 3, and 4-row configurations) —
(optimal low row-count configurations).
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Fig. 12. Full load generation at the rated wind speed for selected 4 of the 60
optimal configurations (the optimal 40, 46, 52, and 58-row configurations) —
(optimal high row-count configurations).
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Fig. 13. The installed cost per watt as a function of N, for the 60 optimal
configurations of wind power plants (the optimal 1-row to 60-row configura-
tions from left to right).

show the cash flow over the project lifetime (25 years) for the selected 8
of the 60 optimal configurations (i.e., for categories 1, 2, 3, 4, 40, 46, 52,
and 58 of 60). The optimal configurations demonstrated profitability
during the lifetime of these projects except for the initial year due to the
CAPEX. It is revealed that the optimal configurations require a PPA price
of at least 7.03 cent/kWh to make a positive return on investment.

4. Conclusion

In this work, one of the objectives is to assess the performance of
multi-row design configurations for wind power plants. The configura-
tions have optimal values of 8pjay that result in the lowest LCOE after an
evaluation of 2220 different configurations. The optimal configurations
are identified for various N, values. The wind power potential is assessed
both technically and economically. The study concludes that the values
of N; and 6., values impact factors, such as LCOE, wake losses, per-
formance ratio, capacity factor, and annual gross energy.

Some of the findings are summarized as follows: (i) the o value is
calculated to be 0.15 and more significant than 0.29 for the daytime and
nighttime, respectively, The P, value is calculated to be 289 W/ m? for a
mean wind speed of 8.02 m/s, (ii) June and July have high levels of
generation, wind speed, temperature, and humidity. Also, the wind
speed is at maximal levels during the nighttime, leading to an increase in
economic feasibility and reduction of curtailment from renewable
power cogeneration if wind power is accompanied by solar technologies,
such as CSP-PT/TES, after evaluating the wind and solar resources, (iii)
the LOESS regression analyses confirmed that the wind direction and
distribution ranges have consistent and robust northwest components
throughout the year, (iv) 60 design configurations with optimal Bpjan
values based on the LCOE-minimization criterion are identified with a
linear increase in annual gross energy occurs as the N, value increases
for almost all ranges of 6,1, (v) as the N; value increases, an increase in
the LCOE occurs for the following ranges of 8pjay: 110-140 ° and 280-
320 ° (red areas). At small values of N,, a decrease in the LCOE occurs
for the following ranges of 6j1.n:: 0-75 °, 160-260 °, and 340-360 ° (dark-
blue areas), (vi) as the N, value increases, an increase in the wake losses
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occurs for the following ranges of Opjan: 110-140 ° and 280-320 ° (red
areas). At small values of N,, a decrease in the wake losses occurs for the
following ranges of Bpjan: 0-75 °, 160-260 °, and 340-360 ° (dark-blue
areas), (vii) as the N, value increases, a decrease in the performance
ratio occurs for the following ranges of 6pjay: 110-140 ° and 280-320 °
(dark-blue areas). At small values of N,, an increase in the performance
ratio occurs for the following ranges of Opan:: 0-75 °, 160-260 °, and 340-
360 ° (red areas), (vii) as the N, value increases, a decrease in the ca-
pacity factor occurs for the following ranges of Opjay:: 110-140 ° and 280-
320 ° (dark-blue areas). At small values of N;, an increase in the capacity
factor occurs for the following ranges of Bpjan:: 0-75 °, 160-260 °, and
340-360 ° (red areas), (ix) the wind speed and direction frequencies
have various impacts on the LCOE, wake losses, performance ratio, ca-
pacity factor, and annual gross energy once linked with the variation of
N; and Bjjan;. Since there are more wind turbines for higher N; values, the
turbines create more turbulence at high wind speeds, leading to
increased wake losses. As a result, the LCOE increases while the per-
formance ratio, capacity factor, and generation decrease accordingly,
(x) the monthly and hourly performance have been evaluated for the
selected 8 of the 60 optimal configurations (i.e., for categories 1, 2, 3, 4,
40, 46, 52, and 58 of 60). It should be recognized that the optimal se-
lection is based on the LCOE-minimization criterion, and the evaluations
are performed considering the frequency profiles of 12 assessment pa-
rameters, (xi) it can be observed that the full load generation at the rated
wind speed decreases as the N, value increases. Furthermore, it can be
observed that the full load generation at the rated wind speed is inde-
pendent of 6., Thus, the highest to lowest full load generation order at
the rated wind speed is as follows: the optimal 1, 2, 3, 4, 40, 46, 52, and
58-row configuration, respectively.

For the selected 8 of the 60 optimal configurations (i.e., for cate-
gories 1, 2, 3, 4, 40, 46, 52, and 58 of 60), the corresponding installed
costs are as follows: 2.0616, 2.0386, 2.0312, 2.0275, 2.0166, 2.0165,
2.0163, 2.0162 $/W, which correspond to the LCOE values of 5.76734,
5.94352, 6.0849, 6.15907, 6.08697, 6.0745, 6.06462, 6.05662 cent/
kWh, respectively. Thus, it can be concluded that there exists an expo-
nential relation between the installed cost per watt and N,. Additionally,
the present value of annual energy, net present value (annual costs),
annual energy, and annual gross energy have increasing linear trends as
N; increases. Thus, there exist linear relations between these and N,.
Finally, it is revealed that the optimal configurations require a PPA price
of at least 7.03 cent/kWh to make a positive return on investment.
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