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Abstract

Global concerns about climate change and the decreasing of fossil fuels reserves have
made renewable energy production a major priority. Wind energy is a well-established research
area. However, identifying optimal regions for wind power production requires weighing
multiple factors, including wind speed, density, availability, and the environmental consequence
of reducing greenhouse gas (GHG) productions, and application of decision analysis. The main

purpose of this study is to analyze the regions of Kazakhstan and identify the optimal location for



wind energy production using the decision analysis extension of multiattribute utility theory

(MAUT). Previous literature conducted analyzing wind power potential in Kazakhstan has
identified several promising locations for efficient wind energy production. However, the
selection process did not involve mathematical analysis; instead, the choice was primarily
determined by quantitative results obtained from empirical studies. This study identified seven
favorable areas based on expected utility and a comprehensive study was conducted using the
multiattribute utility function (MUF). This method facilitated the selection of wind energy
projects in efficient regions, taking into account factors such as potential power production and
GHG emission reduction potential. The study involves collecting data on the GHG emission
reduction potential and wind speed, followed by analysis and decision making to identify
practical wind energy projects. Moreover, the data analysis includes a questionnaire for the
decision maker (DM). This made it possible to determine the optimal locations for installing
wind farms based on the real preferences of an expert in the field of energy. The results based on
the expected utility values showed that the most optimal location for installing a wind power
plant is Fort-Shevchenko and Yereymentau. The results of the research project are critical for the
development of wind energy in Kazakhstan and for identifying the most efficient regions for
wind energy production using utility theory. This study contributes to the development of wind
energy in Kazakhstan and provides information for decision-making processes on sustainable

energy production.
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Chapter 1 — Introduction

1.1. Research objectives

The primary goal of this research work is to formulate a mathematical model aimed at
identifying optimal locations for the installation of wind power plants (WPP) in Kazakhstan. The
key objectives include the exploration and examination of the power output of wind energy and
GHG emission decrease potential across the territory of Kazakhstan, which is relevant in the
energy sector. To apply the mathematical decision-making methodology, the Multiattribute Utility
Theory (MAUT) will be employed. This involves the calculation of statistical data of each
location’s potential power output and GHG emission reduction potential, specifically their
minimum, low, base, high, and maximum values. The MAUT decision analysis methodology
involves a decision maker (DM) who will be identified to participate in the study by responding
to questionnaires. The results of the true preferences of DM, who is normally an expert in the
corresponding field, will significantly influence the ultimate determination of the optimal location

for WPP installation.



The identification of influential factors (i.e. attributes) forms an initial part of this research
problem. Specifically, there will be two attributes, denoted as X1 — potential wind power output
and X2 — GHG emission reduction potential. In addition, the MAUT methodology involves the
construction of a decision tree (DT). This allows a graphical representation of the decision
sequence that demonstrates the expected multiattrubute utility value of each alternative.
Moreover, the development of questionnaires designed to evaluate the preferences of DM, along
with additional research to find the dependencies among the attributes will be used in the
research.

Finally, the MUF will be constructed and all alternatives will be ranked by the expected
utility, ultimately identify the most suitable places for the setting up a WPP. Key research

questions that will be explored during this study:

* Which regions and locations in Kazakhstan are preferable for installing wind power plants
that were formulated by the multiattribute utility theory methodology (MAUT)? + How can
decision analysis and MAUT help in choosing the optimal locations for installing wind power

plants?

10
1.2. Background

Generation of electricity is a critical part of the modern world, ensuring global electrical
sustainability and stability. Nowadays, the global society dependent on energy. All social
structures must ensure that the basic needs for energy are satisfied. These needs encompass vital
aspects such as healthcare, water, illumination, sustenance, transportation, and the creation of a
generally conducive energy environment [1]. Moreover, there are still a certain part of the region
with people who do not have access to electricity consistently. The count of individuals without
consistent access to energy increased from 754 million in 2021 to an estimated 774 million
people
in 2022 [2]. According to data from the UN Population Division (2022), this is nearly 9.7% of the
global population as of the latest available records [3]. According to IEA, the global electricity
demand reached 728 terawatt-hours (TWh), showing a notable increase compared to 2022 at 590
TWh [4]. The report further forecasts that by 2025, global electricity demand is expected to reach



900 TWh [4]. This highlights the growing significance of consistent energy sources in meeting

the world's rising power needs.

The global energy production can be categorized into three main groups: traditional fossil
fuels, nuclear sources, and renewable energy sources (RES). According to IEA, more than 65% of
electricity generation comes from traditional energy sources [5]. In contrast, RES accounted for
nearly 25% of the global electricity generation, while nuclear power contributed to approximately

10% [5].

Nevertheless, traditional energy production using fossil fuels leads to significant
production of GHG emissions. The production of anthropogenic GHG emissions represents a
crucial challenge in contemporary energy systems. Al-Ghussain et al. (2019) exposed that the
relentless consumption of hydrocarbon resources for energy generation has resulted in a
significant upsurge in GHG concentrations worldwide [6]. Furthermore, this study emphasizes
that increased carbon dioxide (COz2) emissions directly correlate with the growth of key climate
change indicators. Environmental pollution and climate change have, for decades, remained the
preeminent global concerns. Over the past two decades, the climate has witnessed a profound
transformation. For instance, in 2022, the global average surface temperature rose by a significant
1.15°C [7]. The implications of climate change, a consequence of mineral extraction for energy

production, ripple far and wide, impacting all countries across the globe. The WMO has

11
established pivotal indicators that aptly reflect the world environment condition [8], [9]. These

metrics include global mean surface temperature, ocean heat content, acidification status, global
ocean absorption of CO2, and global mean sea level [8], [9]. Notably, these metrics are intricately
interconnected, so any incline in one can induce changes in others. For instance, if global CO2
emissions continue to rise at the current pace, the global mean surface temperature could
potentially exceed the 1.5°C - 2.0°C threshold by 2030 [8]. Moreover, human activity, especially
the GHG emissions from sources like coal, oil, and gas, is a leading driver of climate change. In
the report of IEA (2023) it is noted that CO2 emissions stemming from energy-related activities
exhibited a 0.9% increase, surging to surpass approximately 37 gigatons (Gt) in 2022, which
makes a new maximum record of CO2 emissions [10]. A study by Rossati (2017) has revealed
that climate change adversely affects soil quality, degrades agriculture, and reduces the

availability of fresh water, thereby harming economies and citizens, especially in low-income



nations [11]. The sustainability of economies, environmental security, and social well-being in
countries is at significant risk. Moreover, the World Bank has estimated that all geophysical

activities may cost the world over US$500 billion annually [12].

Anthropogenic carbon dioxide emissions into the Earth's atmosphere result from a number
of primary sources. The data that was used to quantify the sources of GHG emissions worldwide
are displayed in Figure 1 [13]. This shows that the production of energy accounts for a sizable

73% of CO2 emissions.

The severe impacts of human-caused climate change are negatively impacting the global
energy sector and require coordinated action. The UN General Assembly 2015 presented the
crucial SDGs that provide a sustainable and reliable energy environment and reduce the carbon
footprint (SDG 7 — Affordable and Clean Energy, SDG 13 — Climate Action) ) [14]. RES — one
of critical solutions to the worldwide challenges of decarbonization and progression of
sustainable development. Many research findings declare a strong reliance on RES aligned with
current sustainability and environmental principles within the worldwide energy industry [15],
[16], [17], [18]. They assert that renewable energy sources are environmentally friendly, as they
do not generate negative effects on the atmosphere and positively affect the reduction of global

GHG
emissions [15], [16], [17], [18].
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Global Greenhouse Gas Emissions by Sector

SRR, Foresry and Land WHe
e

Erssigy
Figure 1. Global greenhouse gas emissions by sector. Source: Adapted from [13].

Figure 2 illustrates a graph of the growth trend of the total RES energy capacity from 2013
—t0 2022 and energy production 2013 — 2021 [19]. It is obvious that over the years, RES have led
the development energy sector which emphasizes their significant role in combating climate

change.

Considering the energy industry, one of the main objectives is to reduce CO2 emissions,
known as decarbonization, through achieving green and sustainable advancement [16], [18].
Empirical evidence indicates a trend of declining energy consumption as prices for fossil fuel
based energy resources rise [16]. To facilitate a comprehensive and equitable shift towards this
goal, authors suggest implementing a worldwide tax on energy derived from processes that
release CO2 gases, as an instrument to reduce the carbon footprint [16], [18]. It is possible that by
raising the price of carbon emissions, an economic incentive could be created for governments
and the energy industry to switch to cleaner, renewable energy sources. The authors also indicate
that the reduction of CO2 emissions and the widespread implementation of RES and sufficient
energy infrastructure will mitigate negative impacts on the climate, ultimately facilitating the

achievement of the goal to limit global warming to one and a half degrees Celsius [16], [18].
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Figure 2.
Total Renewable Energy Capacity and Renewable Energy Production in the World from
2013 to 2022 (to 2021 for Production), in Megawatts (MW) and Gigawatt hour (GWh).
Source: Data from [19].

The 1.5 C target, as developed by the Paris Agreement in 2015, is an essential climatic goal to
prevent the worst consequences of climate change [20]. Moreover, IRENA estimates that one
gigawatt-hour (GWh) of renewable energy could potentially reduce carbon dioxide emissions by
an average of more than three million tons [21]. In a report dated 2022, the IEA calculated that
about 550 million tons of carbon dioxide emissions were kept out of the earth's atmosphere,
mostly due to technological advancements in solar photovoltaic and wind generating (overall
reduction estimate — approximately 465 million tons of CO2) [22]. They claim that without the
RES technology growth trend, annual CO2 emissions might triple. Transitioning to RES is a
fundamental step and the widespread adoption of alternative sources, coupled with carbon
emission tax pricing, can possibly create a strong synergy in combating against reducing the

carbon footprint.
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1.3. Types of renewable energy sources



The development of the fundamental types of RES can be related to the progress made in
technology over the past 50 years and the growing concern over environmental degradation.
Among the major RES that are currently known are solar energy, geothermal energy, hydropower,

wind power, and bioenergy [21], [23]. The following paragraphs will explore types of RES.
Wind energy.

Wind energy was used in ancient times at least three thousand years ago [24], for
transporting boats [24] and crushed grain [23], in modern times wind energy with turbines is used
to generate power. For example, in 2021, wind power provided almost 50% of the world's clean
electricity production, which is approximately 18.5 million GWh and growing. Wind energy is a
sustainable source of electricity, with numerous advantages over traditional fossil fuel-based
electricity power generation. Wind energy significantly reduces GHG, as 1 MW wind turbine can
offset 2,400 tons of COz2 [25]. Additionally, wind power does not produce particulates, which are
detrimental to human well-being and the environment, unlike coal-fired power stations. Wind
turbines are versatile in location, allowing them to be erected in areas such as mountaintops,
pastures, or along major roads without disrupting other land uses [25]. This flexibility minimizes
conflicts with urban development and preserves valuable land for various purposes. To sum up,
wind energy presents a compelling solution to environmental and energy challenges. Its ability to
reduce emissions, its versatile location options, and its potential to reduce the impacts of fossil

fuel make it a sustainable and cost-effective choice for the future of electricity generation.
Solar energy.

Solar energy is one of the main alternative and clean energy sources derived from clean
and almost infinite resource. Solar energy, as many sources believe, is one of the most promising
RES, due to its efficiency properties, as well as great functionality [15], [17], [18], [21], [23]. For
instance, solar energy using photovoltaic (PV) systems can reduce CO2 emissions by up to 100
million tons [21]. Furthermore, solar energy can serve a dual purpose by not only facilitating
energy storage but also functioning as a liquid heating system and a desalination method [23]. PV

panels are used to convert solar irradiation directly into electricity [23]. Furthermore, cooling

15



systems provide cooling capabilities, while thermal energy for buildings is collected, saved, and
distributed through heating technologies [26]. Moreover, the thermal energy derived from RES
such as solar energy is harnessed for the purpose of evaporating water and removing salt, which
in turn produces fresh water [23]. As solar energy progresses in terms of its economic impact, the
production cost continues to decrease consistently [27], [28]. To summarize, solar energy is a
major alternative and green source of energy, with almost infinite resource potential, as well as a

wide range of applications.
Hydro energy.

Hydropower is an environmentally clean and cost-effective renewable energy source
(RES). Hydroelectric power generation involves capturing the energy of water flowing from a
higher elevation, which possesses significant potential energy, to drive a hydraulic turbine,
thereby producing mechanical work that is subsequently transformed into electricity using a
connected generator [23]. A key benefit of hydro energy is its capacity for immediate utilization
and simultaneous exploitation [23]. Overall, hydropower remains a valuable component of the
renewable energy landscape, but its sustainability depends on responsible development and

management practices.
Bioenergy.

Bioenergy is one of the types of RES that uses organic materials to generate electricity.
Bioenergy, derived from biomass consisting of organic matter, represents a versatile and
sustainable renewable energy source [21],[29]. A wide variety of organic resources can be
utilized in the biofuel manufacturing process, including microalgae, agricultural wastes, food
waste, leftover wood, forest debris, and different kinds of grasses and others [23], [29].
Bioenergy has a wide range of applications: for instance, in the transportation sector, including
vehicles and biofuel production, as well as in residential and industrial settings [23]. Its uses
encompass heating and the generation of general thermal energy. Overall, bioenergy represents

an environmentally friendly and multifaceted RES.
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Geothermal energy.

Geothermal energy is another type of RES, representing a reliable source of energy. To
extract geothermal energy, the thermal energy of the hot layers of the Earth is applied in
combination with turbines and generators [23]. Geothermal power plants can operate all the time,
delivering a steady stream of electricity, which can be especially vital for regions that require a
continuous energy source. Moreover, geothermal energy is a sustainable option with a low
environmental impact. It produces minimal GHGs and has a small footprint compared to many
other forms of energy generation [23], [29]. In conclusion, geothermal energy stands as a

sustainable and ecologically friendly type of RES.
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Figure 3. Total Renewable Energy Capacity and Production for five types of RES in the



World, ranging from 2013 to 2021, in Megawatts (MW) and Gigawatt hours (GWh). Source:
Data from [19].

Figure 3 shows the total production and capacity of five types of RES from 2013 to 2021.
Firstly, hydropower clearly dominates in both production and capacity, consistently

outperforming
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other renewable energy options throughout the period under review, with over 4400 TWh

produced in 2021. This shows the established use of hydropower as a reliable source of
renewable energy. Secondly, wind and solar energy are becoming the next most important
contributors to RES. Wind energy production has outpaced solar energy in production, with
production at 1,838,264 GWh compared to 1,033,926 GWh in 2021. This suggests that the wind
industry has made significant progress in harnessing wind energy to produce electricity and
remains a major contributor to the renewable energy sector. However, it is important to recognize
that both bioenergy and geothermal energy are lagging significantly in terms of production, with

both continuously falling below 150,000 GWh in 2021.

This study will focus on exploring the implementation of wind energy and the integration of
decision analysis for choosing the best location for wind turbines installation to accelerate the
sustainable energy development in Kazakhstan. Despite various studies highlighting the
significant potential of solar energy and other forms of RES as the main energy sources in
Kazakhstan, this study focuses on wind energy in this particular environment, as wind energy is
well suited for this region [30], [31], [32], [33], [34], mainly due to the wide variety of suitable
locations for installing wind turbines and significant wind resources available in many regions of

the country. Consequently, this study will primarily investigate the wind energy.
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Chapter 2 — Literature Review

The literature review section of this study aims to provide an overview of the existing
research on the study of potentially efficient regions for wind power generation in Kazakhstan,
and the application of multiattribute utility theory (MAUT) as a decision-making tool. This
section will discuss the potential of wind power generation potential in the regions of
Kazakhstan. After this section will review the methodologies of previous studies, and discuss the
results, comparing and contrasting results to identify the most efficient regions for wind energy
production. The advantages and limitations of using a multiattribute utility function (MUF) for
decision analysis will also be discussed. In addition, the factors affecting the efficiency of wind
energy production in Kazakhstan will be considered. Overall, this section aims to identify

knowledge gaps and structure the future research in this area.

2.1. Renewable energy sources in Kazakhstan

Kazakhstan is located in Central Asia, boasts an extensive landmass covering more than 2.7

million square kilometers, ranking it as the 9" largest country on the global scale [35].



Kazakhstan is a sizable nation with many and diverse natural resources, all of which have
tremendous energy potential. Many sources claim that Kazakhstan is favorable country for the
installation of RES, especially wind farms [6], [8], [9], [11], [12], [36], [37]. The country has a
range of favorable wind patterns that make it a suitable location for wind farms. According to the
Ministry of Energy of the Republic of Kazakhstan, in 2021 there were 116 renewable energy
sources (RES) operating in Kazakhstan with an installed capacity of approximately 1,700 MW.
At the end of 2020, more than 3 billion kWh of energy were produced [38]. By increasing
renewable energy sources (RES) in Kazakhstan, this region has the potential to decrease its
dependence on traditional energy sources, and contributing reduction of CO2 emissions and

assisting in the climate change impacts.

2.2. Wind Energy in Kazakhstan

Kazakhstan has the potential to become a significant player in the wind power industry. Figure 4
illustrates the average wind speed in Kazakhstan for 2022 at a height at 100 meters, most of the

country's territory yearly averages 7 — 7.5 meters per second, and Figure 5 at height of 50 meters
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with an average wind speeds of 6 — 6.5 m/s respectfully [39]. Since the power output of a wind

turbine is directly proportional to the cube of the wind speed, this means that, the higher the wind
speed, the more energy a WPP can generate [40]. Therefore, this region has great wind power

potential, which emphasizes the value of investigating and expanding the RES in Kazakhstan.
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Figure 4. Map of wind speed in Kazakhstan at 100 meters’ height (Red is more than 10 m/s
Yellow is 5 m/s Blue less than 1 m/s). Source: [39].

- -

Kazakhstan is an upper income country with rapid economic growth [41]. This rapid
expansion, however, comes with an associated surge in demand and energy consumption within
the nation. The elevated economic activity and development in various sectors contribute to an
increased need for energy resources. The extensive landscapes of Kazakhstan offer a substantial
potential for the installation of wind energy systems, considering the vast wind resources
available [31]. The great wind patterns of Kazakhstan make it possible to implement alternative
renewable energy, specifically wind power [34], [37], [42]. Currently the number for operating
renewable energy plants is 134 with a total capacity of 2010 MW, while the amount of generated
electricity from the renewable energy facilities reached about 4,2 billion kWh in 2021 [31].
Karatayev and Clarke, 2016 claimed that the northern and central regions around the Caspian

Sea have the biggest wind potential [34].
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Figure 5. Map of wind speed in Kazakhstan at 50 meters’ height (Red is more than 10 m/s
Yellow is 5 m/s Blue less than 1 m/s). Source: [39].

The regulatory framework established by the Kazakh government reflects a commitment
to renewable energy, fostering an environment suitable for the growth of wind energy projects
[43]. In 2023 in the meeting of "Kazakhstan-European Union" the Prime Minister stated that
Kazakhstan is highly interested in leading a sustainable economy by increasing the proportion of
renewable energy sources to 15% by the year 2030 [44]. Additionally, the implementation of
favorable tariffs for wind energy production acts as a catalyst, stimulating private investments in
this sector [45]. According to the law "On Support for the Use of Renewable Energy Sources" the
producers of RES are able to distribute at special tariffs through the RES Settlement and
Financial Support Center to the public network [46]. The feed-in tariffs for the purchase of wind
power stations is estimated by 22,7 tenge/kWh (without VAT) or 0.05 US dollars (1 USD =450
tenge) [47]. The convergence of geographical advantages, supportive regulations, and attractive
tariffs positions Kazakhstan an attractive country for private investors entering the wind energy
sector. The government's commitment to diversifying its energy source mix aligns with the
global shift towards sustainable practices, presenting an opportunity for private entities to

contribute and benefit from Kazakhstan's renewable energy initiatives.
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2.3. Previous studies that identified efficient regions

Many studies have suggested efficient regions for wind power generation in Kazakhstan
[30], [31], [32], [34], [42], [48], [49]. Various studies have been conducted to identify the most
suitable locations for wind power generation in Kazakhstan. For instance, a study by Laldjebaev
et al. [30] asserts that among all of the countries in Central Asia, Kazakhstan has the greatest
potential for producing wind energy. To organize the information from the reviewed literature, a
synthesis matrix was produced in the Table 1, which included relevant details from each study,
citation, the regions identified as having high wind power potential, and the factors influencing

wind power efficiency in Kazakhstan from 2007 to 2021.

All studies from 2007 to 2021 from the methodology had the primary attributes for
determining the optimal locations: the average wind speed, energy production, economic
potential and height below 100 meters. However, studies by Jianzhong et al., 2018 [31] and
Turgali et al., 2021 [50] have an additional attribute used - GHG emission reduction. This
attribute is not correlated with wind speed, height, energy production potential, and other

attributes that were used in other researches.

As can be seen from the Table 1, many studies indicate that potentially optimal places for
installing wind turbines are the gates of Dzungarian Gate, Shelek (formerly Chilik), Yereymentau,
and along the Caspian Sea, and the city of Astana [30], [31], [32], [34], [42], [48]. In addition, in
the study [49], suitable locations such as Fort-Shevchenko, Atbasar, and Akmola are proposed in
the north side and west sides of Kazakhstan. These studies have identified regions with high wind
power potential, which can be further explored for wind power projects. Decision makers can use
the results of these studies in the energy sector to identify suitable locations for wind power
projects in the country. However, further research using other decision analysis methods such as
MAUT, is needed to comprehensively analyze the most efficient areas for wind power generation

in Kazakhstan.
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Table 1: Studies that identified the optimal locations of wind power generation in Kazakhstan
2007-2021 Sources: [30], [31], [32], [34], [42], [48], [49].

Citation Identified Optimal Locations Attributes

1. Dzungarian Gate

. Shelek (formerly Chilik)
. Along Caspian Sea

. Astana

FNERS I\

. Yereymentau

. Fort-Shevchenko
. Chilik

. Astana

N B W N -

. Karabatan

1. Dzungarian Gate
2. Chilik

1. Dzungarian Gate

2. Saryzhas—Zhuzimdyk—Taraz
corridor 3. Caspian corridor

4. Emba corridor

6. Astana— Yereymentau
corridor 5. Urzhar corridor

1. Mangystau mountains
2. Peak Karatau

3. Chu-Ili mountains

4. Mount Ulytau

5. Yereymentau mountains
6. Mugojary mountains

7. Djungar gates

1. Fort-Shevchenko
2. Atbasar
3. Akmola
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2.4. Multiattribute Utility Theory

* Wind speed
Wind speed

* Height
* Wind speed
* Wind availability
Height Economic
Potential
* GHG Emission
Reduction Potential

* Wind speed
* Potential annual
production of energy

* Wind speed

+ Annual wind speed
average

* Potential production of
energy

* Average wind speed *
Potential production of
energy



The search for optimal locations for wind power plants involves a difficult decision-making
process, involving factors such as wind potential, environmental impact, and economic feasibility.
Among the various decision analysis methods, the Multiattribute Utility Function (MUF) stands
out as a valuable tool for integrating diverse criteria into a comprehensive decision-making
framework. The assessment of decisions can be facilitated through the application of
Multiattribute  Utility Theory (MAUT). Decision-making process involves the acquisition of
information, the evaluation of possibilities, and ultimately, the selection of a course of action.
According to Abbas [51], the decision-making process necessitates information gathering,
comprehensive option assessment, and final decision making. To employ a Multiattribute Utility
Function (MUF) for decision assessment, it is imperative to construct a well-defined decision
scenario in which each alternative leads to a distinct outcome. Furthermore, the decision-making
process, particularly when dealing with uncertain consequences, can benefit from Howard's
proposed rules, such as the ordering and probability rules [52]. The MUF offers a structured
framework for addressing intricate decision problems, enabling decision makers to account for
multiple attributes and compare various alternatives. Utilizing the Multiattribute Utility Theory
and decision trees, decision makers can evaluate the probabilities associated with different
outcomes and determine the most favorable choice. In the context of this study, the application of
MUF decision analysis empowers decision makers to assess diverse attributes and compare
numerous alternatives, ultimately identifying the most efficient regions within the country for
wind power generation. Nevertheless, no prior studies were identified that had applied the
Multiattribute Utility Function (MUF) decision analysis method to select optimal places for wind
farms. However, considering the potential of MUF decision analysis methods to provide a
quantitative framework for addressing complex decision problems, further research is warranted

to ascertain the suitable regions for wind power projects in Kazakhstan.
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Chapter 3 — Methodology

In this section, the research methodology will be discussed, commencing with the
software used, data collection and analysis of wind power metrics and GHG reduction potential.
The subsequent steps include the systematic process of gathering relevant data, assessing the key
metrics associated with wind power generation and potential power output, and estimating the
potential reduction in greenhouse gas emissions. Following this, the analytical techniques applied
to derive insights from the collected data will be detailed to ensure its accuracy and reliability.
Lastly, the gathered and normalized data will be explained in terms of its utilization for the
construction of the Multiattribute Utility Function (MUF). In the framework of this research,
“Python” programming language and “Microsoft Excel” spreadsheet was used to carry out wind
speed data analysis; geographic information system software “QGIS” was used to map the
territory of Kazakhstan, highways, railways, network, cities and population, and to initially select
areas for further investigation. In the following, all physical quantities will be measured in SI

units unless otherwise specified.
3.1. Wind analysis: Weibull distribution

For wind data analysis Weibull distribution will be utilized. Many sources suggest to use
Weibull distribution for the wind analysis because of its flexibility and reliability in aggregation
of wind data [31], [49], [50], [53], [54], [55], [56], [57], [58], [59]. The two-parameter Weibull
distribution is particularly well-suited for modeling wind speed data, because it allows the
variability in wind speeds over time and can accurately describe the distribution of wind speeds at
a specific location [31], [50]. The two parameters in this distribution are the scale parameter (c)

and the shape parameter (k).

The following equation represents two-parameter Weibull distribution:

00(90)="?0(%%00) " lexp [~ (*%60)?* 1], (00 >0,06>0,¢6>0)
(1) where,
99 (99) — is probability of wind speed during the year;

€99 — wind speed, m/s;
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€9 — shape parameter of distribution;
99 — scale parameter of distribution.

Cumulative distribution function is determined by the expression:
20(@0)=1-exp[~ (**e0)**1 )

where €€ (99) — is cumulative distribution function.
In the estimation of the Weibull parameters the Energy Pattern Factor Method (EPFM)
will be utilized because of its accuracy and reliability in characterizing the wind energy

distribution, compared to other estimation methods [53], [54], [59], [60], [61], [62].

The EPF is defined by the following expressions:
3

1
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094000=
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where €9 — is wind speed, €9, — mean wind speed, I' — is a gamma function.

The gamma I'(x) function in Equation (5) is determined by:
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The formula of Wind Power Density (WPD) based on the Weibull probability density
function (PDF) is calculated by the following equation [61], [63]:

990 =10000’T (1+°,,) (8
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where €9 — is air density, €9 — is a scale factor, and €9 — is a shape factor.

The power output of wind turbine calculated by the expression [40]:

99000000 = 1000000°00°00,,(9)

where €9 — is air density, 9000’ isa swept area (A) of the wind turbine, €49 — blade
length, ©€ — is the speed of the wind, and @€ — is a capacity factor.

The capacity factor is calculated by:

1’2 FON =%% 400000
99400000 (10)

where 9966666 — 1S @ power output of a wind turbine, €9 ¢¢¢¢6¢ — 1S @ maximum

power output at period of time by the wind turbine.

The coefficient that describes the losses of a wind turbine is determined by the following

equation [50], [64]:

0006=(1—900,0)(1 —99,0300)(1 —99,,)(1 —00,,) (11)

where €94 — 1s an array losses, which are caused by the effect of the multiple wind
turbines that stand next to each other, @9 44566 — 15 the airfoil soiling and icing losses, which

are caused by the weather condition effect on the wind turbine, such as ice on the blades, €94
— 1s the downtime losses, this type of losses in operational time occur due to planned

maintenance, failures in wind turbines, plant downtimes, and utility outages, ¥4 —



miscellaneous losses, that caused by switching between the cut-out and cut-in wind speed values

of wind turbines.

3.2. Wind analysis: Wind shear

To define the fluctuation of wind speeds at different heights, the Wind Shear variation or
Wind Gradient equation will be employed. This meteorological phenomenon involves the gradual
change in wind speed with increasing height and is needed for comprehending the vertical
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distribution of wind energy [65]. It follows the rules of fluid mechanics when it comes to wind
flows over the surface of the Earth, making it possible to analyze wind speed patterns using
analytical and numerical methods [66]. The wind shear can be estimated by Hellmann power law
equation [67]:

m)*? (12)
00,=00, ("

where €49, is a desired value of wind speed and height h, and €€ is a known value of

wind speed at hub height h;, and €€ is a wind shear coefficient (WSC) and can be calculated

numerically, but usually this coefficient follows the power law of “1/7”” meaning the value of @@
is usually 0.14 [65].

3.3. Wind analysis: Performance test

To ensure the quality of the data, the study will conduct two statistical error tests to ensure
the reliability and accuracy of the data results. Testing for RMSE and R* will be carried out to the
EPFM method that estimates two parameters k and c¢ factors of the Weibull probability.
Coefficient of determination (R?) and root mean square error (RMSE), they characterize the

quality and accuracy of the Weibull distribution [61]. The following equation determines the

RMSE:

900000090 =1,,Y (990,0— 99,0)
02

oo=1(13)



and to calculate R” the equation is used:
902
@oi=1-2 (M'ﬂ—ooﬂ)
ee=1
5% (9000-9940)°

@o=1

(14)

where @9, — observed data frequency, €9 44— experimental data frequency, @94 —

mean value of observed data.

3.4. Wind analysis: Air density distribution

In the field of wind analysis, air density is main parameter in wind power generation

calculations. To quantify air density, the Ideal gas law [68] for gas density will be used:

28
00 ="°

094000 (15)

where € — air density (kg/m’), @9 — air pressure (Pa), € 44— specific gas constant for
adry air, @@ = 287.05 J/(kg*K) [69], and €9 — temperature (°K).
In order to calculate the temperature @€ at specific height, such as wind turbines’ hub
height, the specific location’s reference ground temperature is needed to be known. The lapse rate
approximation formula calculates the temperature at specific height below 18 km above Earth’s

surface [70]:

09 =00,— (h+T)(16)

where €€ — temperature at desired height, @@, — reference temperature, h —is a hub
height, and I' = 0.0065 K/m is the temperature lapse rate in the Earth's atmosphere.

To calculate the air pressure, barometric formula derived from Maxwell-Boltzmann

distribution [71] is used:

00 = 09,00 2000
02224 (17)



where €9 — air pressure at height h, €@, —reference pressure at reference height h,
€9 — universal gas constant €9 = 8.31432 N*m/(mol*K), €€ — acceleration of gravitational
force (@9 = 9.8 m/s), and €€ — molar mass of the air €€ = 0.0289644 kg/mol.

To describe the normalized data to the specified hub heights, the Gaussian normal
distribution probability and cumulative density functions will be utilized. The following equation

describes the normal distribution’s probability density function (PDF) [72]:

o)’ (18)
00V100 @@ L,(*0°
99(99)=!
and the cumulative density function (CDF),
@) ="
QO (9 o0
V200] 07072
— 9999 (19)

where €9 — is mean value, and €9 — is a standard deviation.
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3.5. GHG reduction potential analysis

This subsection focuses on explaining the methodology for calculating GHG emission
reduction potential as another attribute for the decision-making process. Assessing greenhouse
gas emissions is an important step towards sustainable energy. Methodology applied using
RETScreen Expert software is widely recognized and used in energy efficiency projects [64]. The

following equation estimates the average annual greenhouse gas emissions reduction [64]:

L66000006= (9906600000 — ©906600600)99660000000(1 —100060000)(1 —
094006) 20

where @946060006 — 15 the base case of GHG emission factor , €€ 4666666e — 1S the



proposed case of GHG emission factor, €9 466666066 — 1S proposed case annual electricity
produced, A¢oe0000e— 1S the loss of electricity due to the transition and distribution, and

V9,000 15 GHG reduction fee [64]. €9 400600666 1S calculated using following formula:

0960000000 =(99400029900000,,,5:)19090,460,9000000,,4,+
00,4, 09090000,,,))" 1,2

where €946660602 » €9o0004 » ANd VO 4o-64 are the factors of GHG emission for the

traditional type of electricity source, @@V V VPP 4062, PVOVVVV 664, and ¥VVVVV
are the global warming potentials for GHG emission components, 1 — is the fuel change efficacy,

and A — is the portion of power lost due to the transition and distribution [64]. The default
V999909 values for hundred year horizon defined by IPCC, 2007 [73] 009990944602 =1,
00000000004 = 25, and 0000000020 = 298.

In “RETScreen Expert”, estimated GHG emission factor excluding the transition and
distribution (T&D) in Kazakhstan, which is 0,6363 tCO2eq/MWh, and with the country-specific
estimated T&D losses is equal to 7%, and the final GHG emission factor is equal to 0,6842
tCO2eq/MWh. In order to describe the variability of the data the Gaussian distribution will be
utilized (Equations 18-19).
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3.6. Choosing locations for wind power generation

The process of selecting potentially effective wind energy generation sites plays an important
role in the study. It involves careful evaluation based on specific criteria to ensure the practicality
and effectiveness of the study. To determine the most suitable locations, a methodological
approach was carried out that takes into account three key factors: wind resources, proximity to

transport infrastructure and accessibility to densely populated areas [74].

The focus is on assessing wind resources at potential sites. The study uses the International



Electrotechnical Commission (IEC) wind classification, which focuses on locations with IEC
wind turbine class III (7.5 m/s or higher) [75]. This assessment is carried out at both 50 and 100
meters to account for changes in wind speed and consistency at different heights. Further,
proximity to transport infrastructure, especially highways. Efficient transportation is essential for
the construction, maintenance and operation of a wind energy project. Consequently, sites are
considered that are located within 5-10 kilometers from the nearest highway and at least 50
kilometers from railway tracks that provide unhindered transportation of equipment and

personnel.

In addition, an important criterion is the accessibility of areas with significant settlements.
This approach makes it easier to install wind turbines in close nearness to populated areas,
resulting in cost savings and reduced energy losses associated with long transmission lines. At
the next stage, the selection process is narrowed down to identifying cities and villages with a
population exceeding ten thousand inhabitants. This population threshold is chosen because of its
demographic significance, as it guarantees a sustainable market for wind energy production. This
promotes economic viability, improves network availability and ensures a stable customer base
for the project. In addition, such urban centers are more likely to have the necessary infrastructure
and resources to support the installation and maintenance of wind energy facilities. Finally, all

locations filtered with the stages above will be considered in for the further investigation.

31
3.7. Multiattribute utility function construction

The decision-making process is a method of collecting data, analyzing options, and choosing
an optimal course of action. In the decision analysis (DA) literature and its extension multi
attribute utility theory (MAUT) if there is a set of attributes in the problem, the function is

considered multiattribute [76]. The most important aspect of MAUT decision analysis



methodology is constructing a multiattribute utility function [77]. Moreover, the most important
step in decision analysis (DA) is to accurately represent the true preferences of the decision
maker (DM) [51]. In the research, Abbas, 2010 argues that in a case where decision making is
non deterministic, each alternative can lead to multiple possible prospects [51]. In instances of
decision making under uncertainty, the necessity arises for constructing a von
Neumann-Morgenstern utility function, as delineated by the expected utility theory formulated
by John von Neumann and Oskar Morgenstern in 1947 [51], [78]. In this situation, MUF can
offer a comprehensive mathematical description of the decision maker's preferences for making

decisions in a variety of problems [79].

To assess DM preferences, the utility dependence between the attributes must be determined
[79], [80], [81]. The utility dependence between alternatives can be described in matrix form or
utility dependence matrix (UDM), some cases of UDMs for two attributes are shown in Figure 6.
Case (a) asserts that the preference of a DM is utility independent (UI) over two attributes. Which
makes the attributes mutually UI [81], meaning MUF can be simplified into multilinear form
[80], [81], which is detailed in the Equation (22). In Case (b), it is evident that the decision
maker's preferences for X1 remain unaffected by the presence of X2, and this pattern is mirrored
in Case (c) where the preferences are similarly independent of the counterpart variable, making
this  attributes partial utility independent (PUI) [71]. Finally, Case (d) represents a fully

dependent utility matrix preference of DM.

There are several methods that construct a multiattribute utility function [82]. In this research
the MUF will be constructed by the method that was established by Keeney and Raifta [80],
because the assessed preferences showed mutual Ul between the attributes. The multilinear form

of MUF can be applied if every attribute is Ul of its complement [80], [81], [82].
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Figure 6. Utility dependency matrices (UDMs), four cases for two attributes, (a) mutually
utility independent (MUI) identity matrix, (b) and (c) partially utility independent (PUI)



matrixes, (d) fully dependent matrix. Source: Adapted from [82].

The following equation describes the multilinear form [80]:

T00-19960(99040) +Y Y 904400
00 00m19900(9046)9946(9940) + + 90153 4009,(00))00,(00,).. 90,,(0044) (22)
V9 (00,,, ..., %% 90>00
0000) = Z 0000

where lowercase letters €944 denote the instantiation of attribute @@ 44, V¥V 66(V Vo) 1S
the one attribute utility function of €944, and scaling constants @94 which are equal to €94
= 0000(0000*, 00000), and 000000 =1- 0000 - 0000, the 0000*- the best possible

outcome instantiation, and 000@0— the worst possible outcome instantiation of attribute @9 4.

For graphical representation of alternatives and attributes with expected utility, i.e. von
Neumann-Morgenstern utility function, an expected utility tree or decision tree needs to be
constructed [77] as shown in Figure 7. This representation allows to display the decision
sequence and identify the utility of each alternative. The option with the highest expected utility
will have the best outcome after evaluating the utility of each alternative. In order to derive the
expected utility for each option (i.e. alternative), the initial step involves determining the values
for each attribute: high, base, and low values in Decision Tree Figure 7. These values are derived
from the distribution functions. For instance, for attribute Xi Potential power output, the
calculation employs the Weibull distribution, Equation (1). For X2, which relates to GHG
emission reduction potential, the Gaussian distribution is utilized, Equation (18). This process
enables the determination of high, base, and low values. It is possible to obtain a utility function
using a single attribute, @94, (®944), after assessing the decision maker's genuine preferences.
Additionally, once a comparable procedure of evaluating preferences for multiple attributes has

been completed, the multiattribute utility function can be determined.
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Figure 7. Simplified Decision Tree (DT). Source: Author development.
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Chapter 4 — Results



Initially, potential research sites that met the specified requirements were identified.
Subsequently, statistical characteristics related to wind energy production potential — X1 and
greenhouse gas emission reduction potential — X2 were quantified. This assessment was facilitated
by constructing a decision tree and developing a questionnaire for a Decision Maker (DM) to
obtain the preferences. Answers of the questionnaire allowed to determinate the expected utility
E(U) for X1 and X2. The final step in this process was the refinement mathematical model of the

multiattribute utility function (MUF).

In this study, the selection of study sites and the creation of wind speed maps in Kazakhstan
were performed using QGIS 3.32.3. Mapping data was obtained from [83], [84], [85] and wind
speed hourly data for twenty specific locations from 01/01/2019 to 31/12/2023 was obtained from
database of NASA’s modern-era retrospective analysis for research and applications version 2
(MERRA-2) [86], [87], [88]. Calculations of attribute values and subsequent decision-making
process using MUF were performed using PyCharm version 2022.3.1. The following subsections
discuss the application of the methodology and demonstrate the results of this study, which are
important for improving the understanding of wind energy decision-making processes and

strategies for reducing greenhouse gas emissions in Kazakhstan.

4.1. Location selection

Locations were chosen based on criteria suitable for efficient wind energy generation
discussed in methodology section. Mapping data for Kazakhstan was obtained from the

resources [83], [84], [85], and it was processed using the QGIS program version 3.32.3.

Initially based on the analysis of the road infrastructure of Kazakhstan, 223 cities and towns
were identified. These cities were strategically located within a radius of 5-10 kilometers from
highways and at least 50 kilometers from railways. This selection was made to ensure efficient
energy transfer and minimize losses in long transmission lines. After this, 113 cities and towns
were specially selected, each of which has more than ten thousand inhabitants. This selection was

aimed at meeting the criteria set by the IEC for the classification of wind turbines [75]. Of these
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113 locations, 20 were identified that not only met the above requirements, but also exhibited an
optimal wind speed at the height of 50 meters above ground level. Figure 8 illustrate a map of
selected locations with the requirements listed, and Table 2 represents a locations’ annual mean
wind speed at 50 m and 100 m heights, and the coordinates, the names of the locations are the
nearest cities to the point in the map. Appendixes A — D demonstrate the detailed mapping of

Kazakhstan with highways and railways, cities, as well as wind speeds at the height of 50 and 100

meters.
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Figure 8. Map of selected locations in Kazakhstan.

Table 2: Characteristics of Selected locations. Sources: [84], [85], [87].
Average mean wind speed (m/s) Average mean wind speed (m/s

N Alternatives Coordinates at 50 m at 100 m
(latitude , longitude)
13,87

Dzungarian Gate 45.35, 82.45 3,51
Shelek 43.73, 78.26 4,88
Fort-Shevchenko 44.49, 50.29 7,52
Arkalyk 50.07, 66.73 7,32
Yereymentau 51.59, 73.15 7,35
Karkaralinsk 48.84, 79.19 6,46
Janatas 43.47, 69.67 7,25
Emba 48.73, 58.48 6,99
Along Caspian sea 46.38, 53.12 7,05




Atbasar 51.77, 68.41 7,00
Zaysan 48.01, 84.68 5,42
Kyzylorda 44.94, 65.91 7,03
Baikonur 45.53, 63.48 6,96
Beyneu 45.13, 54.98 6,90

253838294806581067,12779987,7197,77107,72115,97127,7513 7,67 14 7,60
15 Shetpe 44.15, 52.09 7,17 7,90

16 Zhanaozen 43.41, 52.87 6,95 7,66 17 7,88 ¥
Zhetibay 43.54, 52.03 7,15
Eski Ikan 43.23,69.21 6,91
Georgievka 49.14, 81.73 6,26

18 7,61 19 6,90 20 Ulbi 50.25, 83.46 4,51 4,97

4.2. Wind turbine selection

The wind turbine selection is the next step in the wind power plant installation projects [74].
Choosing the appropriate wind turbine is essential in the effective implementation of wind power
plant projects. In this study, two distinct wind turbine models, the Vestas V52 and Vestas V90,
were chosen, with hub heights of 50 and 100 meters, respectively. These turbine models were
selected based on their specific characteristics, which are presented in Table 3. Notably, the main
characteristic under consideration is the rated power, with values of 850 kW and 2000 kW for the
Vestas V52 and Vestas V90 models, respectively. The comparison of the power curves of two

selected wind turbine models are shown in Figure 9.

Table 3: Characteristics of selected Wind Turbines for hub height at 50 and 100 meters.
Sources: [89], [90].

Characteristics Vestas V90 Vestas V52



Vestas

V90-2.0 MW

2000 kw

100 m

45 m

3

6362 m?

4 m/s

Wind Turbine Manufacturer Vestas Wind turbine model V52-850 kW Rated power, kW 850 kW
Hub height, m 50 m Blade length, m 26 m Number of blades, qnt. 3 Swept area, m? 2724 m?
Cut-in wind speed, m/s 4 m/s Cut-out wind speed, m/s 25 m/s 25 m/s
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Figure 9. Power curve comparison. Source: Adapted from [89], [90].
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4.3. Calculation of attributes X7 and X2

This subsection will provide the analysis of wind speed data for potentially efficient locations
in Kazakhstan, and also provide the analysis of data for potential reductions in greenhouse gas
emissions, and their statistical normalized data for the further multiattribute utility function

construction.

4.3.1. X1 Potential power output

In approximating the wind speed data at the desired hub height, Wind shear Equation (12)
was applied, where the WSE a, representing the coefficient influenced by the topography at the
site. The data of mean monthly speed at 50 and 100 meters presented in the Table 3. The data
demonstrate a pattern across all selected sites, the high wind speeds tend to occur during the
winter autumn seasons, whereas the low wind speeds are observed during the summer-spring
seasons. This trend underscores the seasonal variability of wind patterns and highlights the
importance of considering seasonal fluctuations in wind speed when assessing wind energy

potential.
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Table 3: Mean monthly wind speed (m/s) in selected locations. Sources: [86], [87], [88].

zungarian Gate Shelek Fort-Shevchenko Arkalyk
50m 100 m 50m 100 m 50 m 100 m 50m
2,94 3,24 4,87 5,36 8,32 9,17 7,69
2,80 3,09 4,70 5,18 7,32 8,07 7,62
3,29 3,62 4,90 5,40 7,77 8,56 822
3,96 4,36 4,68 5,16 7,49 8,26 7,57
4,51 4,97 4,90 5,40 7,25 7,99 6,91




4,25 4,68 4,52 4,98 6,66 7,33 6,54
4,07 4,48 4,59 5,06 6,79 7,49 6,46
3,66 4,03 4,48 4,94 6,40 7,05 6,67
3,51 3,87 4,82 5,31 6,44 7,10 6,59
3,28 3,62 4,91 5,41 6,79 7,48 6,99
3,32 3,66 4,85 5,34 6,67 7,35 6,99

Height /00 m January 8,47 February 8,39 March 9,05 April 8,34 May 7,6/ June 7,27 July 7,12 August 7,35
September 7,26 October 7,71 November 7,70 December 3,18 3,51 5,20 5,73 8,19 9,02 7,88 8,68

Karkaralinsk Janatas Emba Caspian sea

50m 100 m 50m 100 m 50 m 100 m 50m
6,86 7,56 6,92 7,62 7,23 7,97 7,59
6,53 7,20 6,74 7,42 7,06 7,78 6,94
6,55 7,21 6,96 7,66 7,46 8,22 7,64
6,27 6,91 6,86 7,56 7,23 7,97 7,55
6,21 6,85 7,45 8,21 7,13 7,86 7,16
553 6,09 6,77 7,46 6,74 7,42 6,69
5,95 6,56 7,10 7,83 6,42 7,08 6,30
5,63 6,21 7,28 8,03 6,56 7,22 6,27
5,85 6,45 7,20 7,93 6,33 6,97 5,99
6,48 7,14 7,79 8,59 6,58 7,25 6,54
6,32 6,97 7,77 8,56 6,54 7,21 6,51
7,34 8,09 7,60 8,38 7,44 8,20 7,58

Zaysan Kyzylorda Baikonur Beyn

50m 100 m 50m 100 m 50 m 100 m 50m
5,46 6,02 6,70 7,38 6,63 7,31 7,16
5,24 5,77 7,01 7,72 6,83 7,53 6,84




5,58 6,15 6,95 7,66 6,94 7,65 7,30
5,39 5,94 7,32 8,06 7,41 817 7,15
555 6,12 7,44 8,20 7,38 8,13 6,81
5,24 577 6,65 7,33 6,63 7,30 6,39
4,88 537 6,58 7,25 6,52 7,18 6,31
4,63 510 6,59 7,26 6,55 7,22 6,42
4,83 5,32 6,76 7,45 6,85 7,55 6,31

Height (m) /00 m January 8,36 February 7,65 March 8,42 April 8,31 May 7,89 June 7,37 July 6,95 August
6,91 September 6,60 October 7,21 November 7,17 December 8,35

Height (m) 700 m January 7.89 February 7,53 March 8,04 April 7,87 May 7.50 June 7,04 July 6.95 August
7.07 September 6,95 October 5,16 5,68 7,13 7,85 6,92 7,63 6,72 7,40

¥ November 5,06 5,58 7,12 7,84 6,91 7,61 6,58 7,25
5,93 6,54 7,21 7,94 7,09 7,81 7,30
Zhanaozen Zhetibay Eski Ikan
50m 100 m 50m 100 m 50 m 100 m 50m
7,17 7,90 7,48 8,25 6,39 7,04 7,24
6,48 7,14 6,74 7,43 5,99 6,60 7,31
7,05 7,77 7,17 7,90 6,34 6,98 6,85
7,11 7,84 7,20 7,94 6,58 7,25 6,27
6,69 7,38 6,72 7,41 6,99 7,70 6,35
6,46 7,12 6,39 7,04 6,47 7,13 5,48
6,40 7,05 6,53 7,19 7,05 7,77 555
6,38 7,04 6,30 6,94 7,29 8,03 505
6,56 7,23 6,65 7,33 7,38 813 4,97
6,91 7,61 7,09 7,81 7,89 8,69 5,60




6,85

7,55

7,05

7,77

7,84

8,64

5,44

December 8,05 Georgievka

Height (m) /00 m January 7,97

5,57 September 5,47

Eebruary 8,06 March 7,54 April 6,91 May 6,99 June 6,04 July 6.12 August

October 6,17 November 6.00 December 7,47 8,23 7,79 858 7,24 7,98 6,78 7,47

Yereymentau Atbasar Shetpe Ubli

50m 100 m 50m 100 m 50m 100 m 50m
8,48 9,34 7,12 7,85 7,42 818 5,19
8,06 8,88 7,12 7,85 6,78 7,47 4,81
8,60 9,47 7,99 8,80 7,29 8,03 5,02
7,54 8,31 7,24 7,98 7,36 8,11 4,37
6,49 7,16 6,61 7,28 6,93 7,64 4,33
6,27 6,91 6,52 7,18 6,63 7,31 3,87
6,24 6,88 6,21 6,84 6,63 7,30 3,77
6,25 6,89 6,46 7,12 6,42 7,07 3,75
5,91 6,51 6,48 7,14 6,68 7,36 3,76
6,52 7,19 6,50 7,17 6,98 7,69 4,17
6,48 7,14 6,50 7,16 6,96 7,67 4,12

Height (m) /00 m January 5,72 February 5.30 March 5,54 April 4,81 May 4.77 June 4.27 July 4,16 August
4,13 September 4, /4 October 4,59 November 4,54 December 8,47 9,34 7,67 8,45 7,72 8,50 5,20 5,73

To describe wind speed variability, the Weibull two-parameter function utilized. The
calculated probability and cumulative density functions, Equations (1 — 2) for the shape and scale
parameters k and ¢ among the studied locations are presented in Table 4. The Weibull parameters
were estimated using Energy pattern factor method Equations (3 — 5). The plots of Weibull
probability and cumulative density functions, comparing with the observed data for all sites are

detailed in Appendix I and J.
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Table 4: Weibull parameters of selected locations at 50 and 100 meters height. y, Alternativesh =30

=]
mh 00mF(V)

V k c fv) | Fv) |4 k c JO)

Dzungarian Gate 3,51 1,97 3,96 0,20 0,55 3,87 1,97 4,36 018

Shelek 488 | 284 | 548 | 020 | 051 538 | 284 | 6,03 0,19

Fort-Shevchenko | 7,52 2,56 | 847 | 012 | 052 | 829 | 256 | 934 0,11

Arkalyk 7,32 | 2,70 | 823 0,13 0,52 806 | 2,70 9,07 | 0,12
Yereymentau 7,35 | 2,52 8,28 0,12 0,52 810 | 2,52 9,12 0,11
Karkaralinsk 6,46 | 2,47 | 7,29 0,14 0,52 7,12 2,47 | 803 0,12
Janatas 7,25 | 2,59 816 | 0,13 0,52 7,99 | 2,59 8,99 0,11
Emba 6,99 2,87 | 7,85 0,14 0,51 7,71 2,87 | 8,65 0,13

Along Caspiansea | 7,05 | 2,78 7,92 | 014 | 052 7,77 | 278 | 873 | 0,13

Atbasar 7,00 | 2,74 7,87 | 0,14 0,52 7,72 | 2,74 8,67 | 0,12
Zaysan 542 | 2,39 6,12 0,16 | 0,53 597 | 2,39 6,74 0,14
Kyzylorda 7,03 2,96 | 7,88 0,15 0,51 7,75 2,96 | 868 0,13
Baikonur 6,96 | 3,02 7,80 0,15 0,51 7,67 | 3,02 8,59 0,14
Beyneu 6,90 | 2,80 7,75 0,14 0,51 7,60 | 2,80 8,54 0,13
Shetpe 717 | 2,91 8,04 0,14 0,51 7,90 | 2,91 886 | 013
Zhanaozen 6,95 | 291 7,80 0,15 0,51 7,66 | 2,91 8,59 0,13
Zhetibay 715 | 2,88 | 8,02 0,14 0,51 7,88 | 2,88 8,84 0,13
Eski Ikan 6,91 2,48 7,79 0,13 0,52 7,61 2,48 8,58 0,11
Georgievka 6,26 | 2,65 7,05 0,15 0,52 6,90 | 2,65 7,77 | 0,14

10552051305240,52505260,52705280,5190,52100,52110,53120,51130,51140,51150,51



160,5117 0,51 18 0,5219 0,52 20 Ulbi 4,51 2,36 5,09 0,18 0,53 4,97 2,36 5,61 0,17 0,53

To calculate the average annual power density (W/m?”) values, Equation (8) was used. The

results were computed for the designated sites and are presented in Table 5. According to the
NREL wind classification most of the selected locations in Kazakhstan has 3 classification at 50

m height and 4 classification at 100 m [91].

Table 5: Annual mean power density in selected locations.

Ne Alternatives Annual mean power density (W/m’)

Yereymentau 382,56

Karkaralinsk 248,05
Dzungarian Gate

Janatas 344,30
Shelek
Fort-Shevchenko

h=100m

Arkalyk

163,952 126,863 544,804 476,745 509,28 6 330,20 7 458,40 8 Emba 299,81 399,14

9 Along Caspian sea 320,38 426,55 10 417,63 4
Atbasar 313,72
Zaysan 141,93
Kyzylorda 301,11
Baikonur 291,11
Beyneu 296,52
Shetpe 321,79
Zhanaozen 291,84
Zhetibay 319,42
Eski Ikan 308,01
Georgievka 220,66




11 188,94 12 400,90 13 387,58 14 394,79 15 428,44 16 388,57 17 425,29 18 410,08 19 293,75
20 Ulbi 84,23 112,12

An additional investigation of the efficiency of obtaining the parameters & and ¢ was
conducted in order to evaluate the efficacy of the method for estimating the Weibull parameters
Epf. The most effective technique for estimating the parameters is determined by utilizing a
number of statistics to assess the effectiveness of estimation techniques. For wind data analysis,

R%, and RMSE are commonly used metrics Equations (13 — 14). The results of statistical test of

EPFM method presented in Table 6.
Table 6: Performance test on EPFM method, estimation of Weibull parameters. Ne

AlternativesRMSE R°100 meters

50 meters 100 meters 50 meters

Dzungarian Gate 0,039289 0,03637 0,776869
Shelek 0,02891 0,026398 0,888324
Fort-Shevchenko 0,009805 0,009668 0,957659
Arkalyk 0,0115 0,011217 0,968361
Yereymentau 0,010793 0,010551 0,969879
Karkaralinsk 0,013363 0,012381 0,959224
Janatas 0,010549 0,009423 0,971378
Emba 0,010106 0,009182 0,976524
Along Caspian sea 0,009464 0,00925 0,978763
Atbasar 0,012251 0,011779 0,966275
Zaysan 0,012447 0,012135 0,967956
Kyzylorda 0,01184 0,010416 0,955398
Baikonur 0,013305 0,01119 0,963639
Beyneu 0,010859 0,0102 0,973353
Shetpe 0,011486 0,011072 0,970595




1 0,783545 > 0,897155 3 0,952386 * 0.966902 > 0.968529 ¢ 0.961419 7 0,.974761 8 0.978672 °

0977787 ' 0.96575 "' 0966658 % 0960112 2 0971463 '* 0974149 !

Zhanaozen 10819 0,01038 0,974317 0,974138

> 0.970101 16

e e——

42
17 ZBetibay 12035 0,01252 0,962724 0.961679
Eski Tkan 0,014008 0011859 0,951692
Georgievka 0012562 0,012802 0,966057

18 ) 961434 1 0.961622 20 V0 0,023514 0,022262 0,913015 0,914373

From the Table 6 it is clear that EPFM method is accurate in estimating the £ and ¢
parameters of hourly wind speed data at 50 and 100 meters. The potential power output of
attribute X7 has been determined through the application of Equation (9). To calculate the
capacity factor Equation (10) was used. In this particular analysis, the losses coefficient remained
constant for all locations Equation (11), accounting for 5% array losses, 5% downtime losses, 5%
miscellaneous losses, and 5% airfoil losses, which is average values for the initial guess [64].

The outcomes for Pout (MWh/year) and Cr (%) are detailed in Table 7.

The determination of potential power output (X7 attribute) and capacity factor at twenty
locations in Kazakhstan was successfully done. The findings highlight that sites such as Fort
Shevchenko, Yereymentau, Arkalyk, Janatas, Zhetibay, Shetpe, and those along the Caspian Sea
exhibit the highest power output at each hub height. The wind power density was analyzed,
revealing a class 3 at a height of 50 meters and class 4 at an height of 100 meters based on
established wind criteria by NREL [91]. Additionally, the results of the Weibull PDFs and CDFs
functions calculations were obtained. These outcomes were subjected to a statistical test,

confirming a highly accurate estimation of the parameters.

Within the MAUT methodology, and application of the statistical analysis, it is first
necessary to extract the values of the first attribute, potential power output X7. Minimum, low,
base, high, and maximum values are extracted for further examination. Table 8 presents the data

for the aforementioned statistical values of a wind speed, pressure, temperature, air density, and



power output at each site, and also the constant values of swept area for each turbine and constant
capacity factor for each location. The wind speed distribution was modeled using the Weibull
CDF Equation (2), while the temperature and pressure distributions were represented by the
Gaussian normal distribution CDF, Equation (19). Additionally, Appendix I provides CDF plots
of a wind speed for each site, illustrating the distribution of values corresponding to the

minimum, low, base, high, and maximum.
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Table 7 : Annual potential power output (MWh/year) and capacity factor (%) for different wind

turbines: VESTAS V52 — 850 kW — 50 m and VESTAS V90 — 2 MW — 100 m (calculated for

one wind turbine installed).

Wind turbine VESTAS V52 — 0.85 MW — 50 m VESTAS V90 2.0 MW — 100 m

Alternatives P,,,(MWh/year) Ci(%) P,,.(MWh/year)
Dzungarian Gate 81,34 18% 463,74
Shelek 136,49 11% 811,07
Fort-Shevchenko 1525,80 31% 7 885,36
Arkalyk 1309,38 29% 716518
Yereymentau 1351,79 30% 7 305,98
Karkaralinsk 669,62 23% 370411
Janatas 1213,65 29% 6 546,74
Emba 104855 27% 5 866,03
Along Caspian sea 1126,05 28% 6 243,48
Atbasar 1048,75 27% 5 855,98
Zaysan 261,40 16% 1508,60
Kyzylorda 1073,46 27% 6 063,85
Baikonur 1020,71 26% 5823,07
Beyneu 981,09 26% 550773
Shetpe 1182,69 28% 6 563,05




Zhanaozen 1003,56 26% 563522
Zhetibay 1165,27 28% 6 420,28
Eski Ikan 980,06 27% 5297,50
Georgievka 629,71 23% 3515,93

Ne Cr(%) | 25% 7 17%° 40% " 40%° 40% ° 32% 7 392 ° 38%° 39% "0 3726 ' 2396 1% 38 12 38%

=
14 370,15 390,16 370,17 390,18 370,19 33020 V1% 03 34 1004 553.38 15%

Table 8 : X1 attribute — Potential power output. Min, low, base, high, and max values for wind
speed, pressure, temperature, air density, blade swept area, capacity factor, and power output in

each site at 50 and 100 meters height.

Dzungarian Gate h = 50 meters h = 100 meters
Unit Min Low Base High Max Min Low Base High
m/s 0 1,28 3,32 6,09 25 0 1,4 3,64 6,69
°C -28,025 | -13,09 -0,53 12,04 17,905 -28,35 | -13,42 -0,85 11,71
kPa 70,46 71,33 71,78 72,22 72,74 70,00 70,88 71,33 71,78
kg/m3 08707 | 0,8822 09173 0,9555 1,0014 0,8661 | 08778 09126 0,9507

Variables Max Wind speed 25 Temperature 17,58 Pressure 72,28 Air density 0,996/ Blade swept

2
area - cons™’ 2123,72 2123,72 2123,72 2123,72 2123,72 6362 6362 6362 6362 6362

44
Capacity

factor - const% 17,7%17,7% 17,7% 17,7% 17,7% 25,2% 25,2% 25,2% 25,2% 25,2% Power output MWh/year 0,000 3,039 55,140 354,534
25703,988 0,000 16,945 309,601 2002,410 109488,050

Shelek

Variables Unit Min Low Base High Max Min Low Base High Max
m/s 0 2,48 4,84 7,37 19,62 0 2,76 5,33 8,13

°C -19,315 -3,47 9,82 23,1 31,185 -19,64 -3,79 9,49 22,78

kPa 86,95 87,74 88,37 89,00 90,20 86,41 87,22 87,84 88,45




kg/m3 1,0325 | 1,0466 1,0879 1,1334 1,1933 1,0267 | 1,0412 1,0827 1,1280

m 2123,72 | 2123,72 | 2123,72 | 212372 2123,72 6362 6362 6362 6362

% 11,2% 11,2% 11,2% 11,2% 11,2% 16,6% | 16,6% 16,6% 16,6%

Wind speed 21,62 Temperature 30,86 Pressure 89,59 Air density 71,1874 Blade swept

6362 .
area - const Capacity
16,62
factor - const % Power output MWh/year 0,000 16,577 128,092 471,164 9358,779 0,000 101,462 759,817 2809,461 55613,636

Fort-Shevchenko
Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3,52 7,37 11,77 25 0 3,88 8,13 12,97

°C -12,135 0,84 12,81 24,78 30,705 -12,46 0,52 12,49 24,46
kPa 98,88 100,37 101,39 102,40 104,50 98,28 99,79 100,78 101,77

kg/m3 1,1981 1,1974 1,2352 1,2762 1,3198 1,1917 | 1,1913 1,2291 1,2703

m 2123,72 | 2123,72 | 2123,72 2123,72 2123,72 6362 6362 6362 6362

% 31,1% 31,1% 31,1% 31,1% 31,1% 40,3% 40,3% 40,3% 40,3%

Wind speed 25 Temperature 30,38 Pressure 103,83 Air density 7,3733 Blade swept

6362 .
area - const Capacity
40,39
factor - const™ % Power output MWh/year 0,000 151,209 1431,719 6025,096 59708,697 0,000 782,052 7423,268 31149,275 230628,803

Arkalyk
Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3,6 7,21 11,21 25 0 3,96 7,93 12,37

°C -31,385 | -13,84 4,63 23,11 33,645 -31,71 | -14,17 4,31 22,78

kPa 94,17 95,89 97,05 98,20 99,66 93,58 95,32 96,45 97,58
kg/m3 1,1316 1,1547 1,2171 1,2882 1,3569 1,1256 | 1,1487 1,2110 1,2822

m 2123,72 | 2123,72 | 2123,72 2123,72 2123,72 6362 6362 6362 6362

% 29,4% 29,4% 29,4% 29,4% 29,4% 40,4% | 40,4% 40,4% 40,4%




Wind speed 25 Temperature 33,32 Pressure 99,02 Air density 7,3502 Blade swept

area - const6362 Capacity

0,
factor - Const40’4ﬁ Power output MWh/year 0,000 147,402 1248,121 4965,090 58008,045 0,000 802,257 6791,688 27295,006 237271,959

Yereymentau

Variables Unit Min Low Base High Max Min Low Base High Max Wind speed m/s 03,4 7,17 11,5325 03,76 7,93 12,73 25

45
Temperature °C -34,205 -15,65 2,53 20,71 30,725 -34,53 -15,98 2,2 20,38 30,4
kPa 94,08 95,56 96,71 97,87 99,71 93,54 94,99 96,11 97,24
kg/m3 1,1431 1,1602 1,2221 1,2928 1,3716 1,1363 | 1,1541 1,2160 1,2868
m 2123,72 | 2123,72 | 212372 | 212372 2123,72 6362 6362 6362 6362
% 29,8% 29,8% 29,8% 29,8% 29,8% 40,3% | 40,3% 40,3% 40,3%

Pressure 99,01 Air density 7,3656 Blade swept

6362 .
area - const Capacity
40,39
factor - const™ % Power output MWh/year 0,000 126,288 1247,499 5487,866 59350,997 0,000 689,750 6817,718 29845,495 239905,050

Karkaralinsk
Variables Unit Min Low Base High Max Min Low Base High Max
m/s 0 2,96 6,29 10,25 25 0 3,24 6,93 11,29
°C -32,255 | -13,71 3,82 21,34 29,235 -32,58 | -14,03 3,49 21,01
kPa 92,00 92,88 93,85 94,83 96,39 91,48 92,34 93,27 94,21
kg/m3 1,1105 1,1218 1,1804 1,2472 1,3304 1,1039 | 1,1157 1,1745 1,2415
m? 212372 | 212372 | 212372 | 212372 | 212372 | 6362 | 6362 6362 6362

23,1% 23,1% 23,1% 23,1% 23,1% 32,0% | 32,0% 32,0% 32,0%

%

Wind speed 25 Temperature 28,97 Pressure 95,71 Air density 7,3247 Blade swept
area - const6362 Capacity
0,
factor - Const32'0/) Power output MWh/year 0,000 62,514 631,216 2885,903 44667,204 0,000 338,827 3490,253 15951,478 184803,936
Janatas

Variables Unit Min Low Base High Max Min Low Base High Max
m/s 0 3,44 7,09 11,29 25 0 3,8 7,81 12,41




°C 22825 | -568 | 1019 26,07 33,825 | -2315| -6 9,87 25,74
kPa 9265 | 9330 | 94,14 94,99 96,83 | 92,08 | 9276 | 9357 94,39
ke/m? 1,0988 | 1,1059 | 11575 | 12152 | 12894 | 10925 | 11002 | 11518 | 12096
m? 212372 | 212372 | 212372 | 212372 | 212372 | 6362 | 6362 6362 6362

% 292% | 292% | 292% | 292% | 292% | 394% | 394% | 394% 39,4%

Wind speed 25 Temperature 33,5 Pressure 96,17 Air density 17,2831 Blade swept

6362 .
area - const Capacity

factor - Const39'4% Power output MWh/yeal” 0,000 122,101 1118,824 4742,915 54640,579 0,000 663,355 6029,114 25403,983 220308,223
Emba
Variables Unit Min Low Base High Max Min Low Base High Max
m/s 0 36 6,93 10,53 25 0 3,96 7,65 11,57
°C -33,075 | -11,54 7,11 25,75 33,945 -33,4 -11,86 6,78 25,43
kPa 95,01 96,91 98,04 99,17 101,28 94,42 96,34 97,44 98,54
kg/m3 1,1490 1,1558 1,2187 1,2905 1,3787 1,1424 | 1,1497 1,2126 1,2845
m? 2123,72 | 2123,72 | 212372 212372 2123,72 6362 6362 6362 6362

Wind speed 25 Temperature 33,62 Pressure 100,60 Air density 17,3720 Blade swept
6362 .
area - const Capacity

factor - const?6 27.1% 27,1% 27,1% 27,1% 27,1% 38,0% 38,0% 38,0% 38,0% 38,0%

46
Power output MWh/year 0,000 135,960 1022,565 3798,815 54313,302 0,000 756,430 5751,796 21077,315 227117,997 Along Caspian sea

Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3,56 6,97 10,69 25 0 3,92 7,69 11,81
°C -22,515 -6,42 10,68 27,78 35,485 -22,84 -6,75 10,35 27,45
kPa 98,50 100,39 101,54 102,70 105,05 97,88 99,81 100,93 102,06
kg/m3 1,1857 | 1,1889 1,2463 1,3112 1,3690 1,1789 | 1,1828 1,2403 1,3052
m? 2123,72 | 2123,72 | 212372 | 212372 2123,72 6362 6362 6362 6362
% 27,7% 27,7% 27,7% 27,7% 27,7% 38,6% | 38,6% 38,6% 38,6%




Wind speed 25 Temperature 35,16 Pressure 104,34 Air density 7,3623 Blade swept

area - const6362 Capacity

0,
factor - Const38'6/) Power output MWh/year 0,000 138,383 1088,695 4132,195 55185,519 0,000 765,446 6059,488 23098,258 228687,888

Atbasar
Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3,48 6,89 10,69 25 0 3,84 7,61 11,77

°C -34,755 | -16,38 2,32 21,01 30,935 -35,08 -16,7 1,99 20,68

kPa 94,04 96,02 97,23 98,45 100,13 93,45 95,44 96,63 97,81
kg/m3 1,1471 1,1659 1,2296 1,3027 1,3742 1,1402 | 1,1597 1,2235 1,2965

m? 2123,72 | 2123,72 | 212372 212372 2123,72 6362 6362 6362 6362

% 26,6% 26,6% 26,6% 26,6% 26,6% 37,3% 37,3% 37,3% 37,3%

Wind speed 25 Temperature 30,67 Pressure 99,42 Air density /,3674 Blade swept
2 .
area - const®° Capacity
0,
factor - const3 7.3% Power output MWh/year 0,000 121,645 995,652 3939,801 53155,499 0,000 681,850 5599,127 21951,549 221866,175

Zaysan

Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 24 529 8,69 25 0 2,64 5,81 9,57
°oC -31,095 | -11,18 6,56 24,31 30965 | -31,42 | -11,51 6,24 23,98
kPa 93,80 | 94.69 95,81 96,93 98,59 93,27 | 94.14 95,23 96,31
kg/m’ 11294 | 11352 | 11933 | 12592 13501 | 11227 | 11292 | 1,1874 1,2535
m? 212372 | 212372 | 212372 | 212372 | 212372 | 6362 | 6362 6362 6362
% 161% | 161% | 161% | 161% 161% | 233% | 233% | 233% 23,3%

Wind speed 25 Temperature 30,64 Pressure 97,90 Air density 7,3442 Blade swept
2 .
area - const®° Capacity

2 0,
factor - const 3,3% Power output MWh/year 0,000 23,548 265,065 1239,920 31652,653 0,000 135,155 1514,904 7146,605 136623,858

Kyzylorda



Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3,68 6,97 10,45 25 0 4,08 7,69 11,53
Wind speed 25 Temperature °C -22,445 -7,47 10,61 28,68 36,975 -22,77 -7,79 10,28 28,36 36,65
47
Pressure kPa 97,77 98,58 99,73 100,89 103,24 97,22 98,02 99,13 100,25 102,55
kg/m3 1,1598 1,1645 1,2244 1,2926 1,3586 1,1532 | 1,1583 1,2184 1,2868
m? 2123,72 | 2123,72 | 2123,72 212372 212372 6362 6362 6362 6362
% 27,1% 27,1% 27,1% 27,1% 27,1% 38,4% | 38,4% 38,4% 38,4%

Air density 7,3526 Blade swept

2 .
area - const®° Capacity

0,
factor - const 8,4% Power output MWh/year 0,000 146,443 1046,191 3722,348 53568,276 0,000 842,275 5932,381 21118,247 226279,165

Baikonur

Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3,72 6,93 10,29 25 0 4,08 7,65 11,33
°C -22,52 -8,54 9,95 28,44 35,37 -22,84 -8,86 9,62 28,11
kPa 98,06 98,89 100,06 101,23 103,60 97,50 98,32 99,45 100,59
kg/m3 1,1698 | 1,1693 1,2313 1,3019 1,3630 1,1632 | 1,1632 1,2252 1,2960
m 2123,72 | 2123,72 | 212372 | 212372 2123,72 6362 6362 6362 6362
% 26,4% 26,4% 26,4% 26,4% 26,4% 37,7% | 37,7% 37,7% 37,7%

Wind speed 25 Temperature 35,04 Pressure 102,90 Air density 7,3570 Blade swept
6362 .
area - const Capacity

7,7%
factor - const™ "’ % Power output MWh/year 0,000 147,574 1004,638 3477,617 52210,836 0,000 829,907 5762,240 19800,968 222737,221
Beyneu

Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3,48 6,81 10,45 25

0 3,84 7,53 11,53




°C 20,495 | -595 | 11,27 28,48 37475 | -2082 | -628 | 10,94 28,16
kPa 9841 | 9946 | 10056 | 10166 | 10390 | 9781 | 9889 | 9996 101,03
ke/m? 11652 | 11741 | 12317 | 12967 | 13569 | 11587 | 11681 | 12258 | 1,2909
m? 212372 | 212372 | 212372 | 212372 | 212372 | 6362 | 6362 6362 6362

% 260% | 260% | 260% | 260% | 260% | 366% | 366% | 366% 36,6%

Wind speed 25 Temperature 37,15 Pressure 103,21 Air density 7,3503 Blade swept

6362 .
area - const Capacity

0,
factor - Const36'6/) Power output MWh/year 0,000 119,737 941,288 3580,776 51304,531 0,000 674,835 5339,767 20188,664 215270,076

Shetpe
Variables Unit Min Low Base High Max Min Low Base High Max
m/s 0 3,72 7,13 10,73 25 0 412 7,85 11,81
°C -18,645 -3,59 12,13 27,86 35,375 -18,97 -3,91 11,81 27,53
kPa 96,93 98,27 99,23 101,19 102,18 96,34 97,70 98,63 99,57
kg/m3 1,1538 1,1711 1,2118 1,2700 1,3268 1,1473 | 1,1536 1,2058 1,2641
m 212372 | 212372 | 212372 | 212372 | 212372 | 6362 | 6362 6362 6362

Wind speed 25 Temperature 35,05 Pressure 101,50 Air density 17,3204 Blade swept
6362 .
area - const Capacity

factor - const?® 28.2% 28,2% 28,2% 28,2% 28,2% 39,2% 39,2% 39,2% 39,2% 39,2%

48
Power output MWh/year 0,000 158,192 1152,499 4116,848 54397,943 0,000 882,331 6378,965 22773,029 225637,976 Zhanaozen

Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3.6 6,89 10,41 25 0 4 7,61 11,45
°oC 18,065 | -4.19 12,03 28,24 36,655 | -1839 | -452 11,7 27,92
kPa 96,75 | 97.88 98,85 99,81 101,81 | 9615 | 9731 98,25 99,19
kg/m’ 11448 | 11537 | 12075 | 1,2678 | 13214 | 11384 | 11477 | 12016 1,2620
m? 212372 | 212372 | 212372 | 212372 | 212372 | 6362 | 6362 6362 6362




% 26,4% 26,4% 26,4% 26,4% 26,4% 37,2% | 37,2% 37,2% 37,2%

Wind speed 25 Temperature 36,33 Pressure 101,13 Air density 7,3/48 Blade swept

2 .
area - const®° Capacity

20
factor - const 7.2% Power output MWh/year 0,000 132,259 970,481 3514,232 50730,382 0,000 761,200 5487,682 19630,802 212883,716

Zhetibay
Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3,68 7,09 10,73 25 0 4,08 7,81 11,85

°C -16,075 -2,35 13,26 28,87 36,095 -16,4 -2,68 12,93 28,54
kPa 98,51 99,69 100,71 101,73 103,85 97,92 99,11 100,11 101,10
kg/m3 1,1699 1,1734 1,2250 1,2825 1,3350 1,1634 | 1,1674 1,2191 1,2766

m 2123,72 | 2123,72 | 212372 2123,72 2123,72 6362 6362 6362 6362

% 28,2% 28,2% 28,2% 28,2% 28,2% 39,0% | 39,0% 39,0% 39,0%

Wind speed 25 Temperature 35,77 Pressure 103,17 Air density 7,3286 Blade swept

2 .
area - const636 Capacity

00
factor - const™™ 7 Power output MWh/year 0,000 153,403 1145,247 4156,024 54717,334 0,000 860,696 6304,087 23058,581 225342,362

Eski Ikan
Variables Unit Min Low Base High Max Min Low Base High Max

m/s 0 3,16 6,73 10,93 25 0 3,48 7,41 12,05
°C -21,315 -2,98 12,6 28,19 35,715 -21,64 -3,31 12,28 27,86

kPa 94,44 95,05 96,00 96,94 98,85 93,92 94,51 95,42 96,33
kg/m3 1,1149 1,1207 1,1704 1,2256 1,3065 1,1085 | 1,1149 1,1646 1,2202

m 2123,72 | 2123,72 | 212372 2123,72 2123,72 6362 6362 6362 6362

% 27,2% 27,2% 27,2% 27,2% 27,2% 36,8% | 36,8% 36,8% 36,8%

Wind speed 25 Temperature 35,39 Pressure 98,18 Air density 7,3009 Blade swept

6362 .
area - const Capacity

0,
factor - const 6.8% Power output MWh/year 0,000 89,345 901,353 4043,338 51575,532 0,000 481,943 4860,395 21898,268 208497,513



Georgievka

Variables Unit Min Low Base High Max Min Low Base High Max

m/s

0 3,04 6,17 9,69 25 0 3,32 6,77 10,62
Wind speed 25 Temperature °C -34,385 -15,18 2,66 20,49 27,615 -34,71 -15,5 2,33 20,16 27,29
49
Pressure kPa 91,46 92,19 93,13 94,06 95,48 90,94 91,65 92,55 93,45 94,81
kg/m3 1,1060 1,1159 1,1763 1,2450 1,3345 1,0993 | 1,1099 1,1704 1,2392
m 2123,72 | 2123,72 | 2123,72 2123,72 2123,72 6362 6362 6362 6362
% 23,2% 23,2% 23,2% 23,2% 23,2% 32,5% | 32,5% 32,5% 32,5%

Air density 17,3287 Blade swept

6362 .
area - const Capacity

0,
factor - const 25% Power output MWh/year 0,000 67,767 597,229 2448,452 45071,796 0,000 368,228 3292,327 13456,324 188211,036

Ulbi

Variables Unit Min Low Base High Max Min Low Base Hi

h Max
m/s 0 1,96 436 7,29 23,74 0 216 4,84 8,01
°C -33,425 | -17,86 -2,17 13,53 20,365 -33,75 | -18,19 -2,49 13,21
kPa 84,54 85,39 86,04 86,70 87,65 84,01 84,86 85,50 86,14
kg/m3 1,0403 1,0536 1,1061 1,1652 1,2285 1,0342 | 1,0479 1,1005 1,1595
m? 2123,72 | 2123,72 | 212372 2123,72 2123,72 6362 6362 6362 6362
% 9,7% 9,7% 9,7% 9,7% 9,7% 14,6% 14,6% 14,6% 14,6%

Wind speed 25 Temperature 20,04 Pressure 87,04 Air density 17,2225 Blade swept

2 .
area - const®° Capacity

0,
factor - const /6% Power output MWh/year 0,000 7,176 82,932 408,371 14868,893 0,000 43,009 508,137 2426,784 77788,796

The wind analysis results revealed potential maximum energy production values at 50 and

100 meters for twenty specified locations. During data analysis and Weibull distribution analysis,




the cumulative distribution function (CDF) was used to determine the max value, which was set
at 25 m/s. This limitation corresponds to the rated speed (cut-out) at which the selected wind
turbines are designed. Moreover, the calculation of air density has an inverse contribution from
pressure and temperature values, in which case, for the air density value, the values of the

variable are flipped around its base value, as presented in the Table 8.
Table 9. Rank ordered locations by Max Power Qutput from one Wind turbine MWh/year.

Rank Location Max Power output at 50

m, by V52 — 850kW Location Max Power output at
100 m, by V90 — 2 MW

1 239905,05
Fort-Shevchenko 59708,70 Yereymentau
Yereymentau 59351,00 Arkalyk
Arkalyk 58008,04 Fort-Shevchenko
Along Caspian sea 55185,52 Along Caspian sea
Zhetibay 54717,33 Emba
Janatas 54640,58 Kyzylorda
Shetpe 54397,94 Shetpe
Emba 54313,30 Zhetibay

2 237271,96 3 230628,80 4 228687,89 5 227118,00 6 226279,17 T 225637,98 8 225342,36 9
Kyzylorda 53568,28 Baikonur-Zhosaly 222737,22

50
10 Atbasar 53755,50 Atbasar 221866,17 11 220308,22
Baikonur-Zhosaly 52210,84 Janatas
Eski Ikan 51575,53 Beyneu
Beyneu 51304,53 Zhanaozen
Zhanaozen 50730,38 Eski Ikan
Georgievka 45071,80 Georgievka




Karkaralinsk 44667,20 Karkaralinsk

Zaysan 31652,65 Zaysan
Dzungarian Gate 25703,99 Dzungarian Gate
Ulbi 14868,89 Ulbi

12 215270,08 13 212883,72 14 208497,51 15 188211,04 16 184803,94 17 136623,86 18 109488,05
19 77788,80 20 Shelek 9358,78 Shelek 55613,64

Table 9 displays the sorted values by max power output quantity for each location,
indicating that Fort-Shevchenko, Yereymentau, Arkalyk, and Along Caspian Sea emerge as the
primary leaders in wind energy generation at both 50 and 100 meters. However, Shelek, Ulbi,
Dzungarian Gate, Zaysan, Karkaralinsk, and Georgievka sites have the lowest indicators of
generating an energy with the same wind turbine types. Regarding the resulted data outcome, it
can be stated that Fort-Shevchenko and Yereymentau are considered to be the optimal places to
install wind turbines, however, the next section of this research will consider the GHG reduction
potential value as another factor and assess the preferences of the DM which is the main part of
the Decision Analysis (DA) methodology and its extension theory of Multiattribute Utility
(MAUT).

4.3.2. X2 GHG reduction potential

The examination of the attribute X2 — GHG Reduction Potential in selected locations
represents another crucial step of this study's attribute analysis. This subsection delves into the
outcomes derived from the assessment of GHG reduction potential. The analysis of GHG
reduction potential will become an important aspect in the context of environmental impact of
potential wind farm locations. Results of calculation of this attribute, along with X1 (potential
wind power output), will form the basis for comprehensive decision-making within the
Multiattribute Utility Function (MUF) framework. The focus will be on explaining the
significance of the GHG reduction potential as another attribute in the selection of optimal
locations for wind power generation. The RETScreen Expert software methodology was used to

calculate the annual GHG reduction potential, Equation (20).
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Table 10. Annual average GHG reduction potential at 50 and 100 meters. ny giternatives

Average annual GHG emission reduction potential (tCO,eq/year)

Zaysan 1670,7
h =

Kyzylorda 2218,8
Dzungarian Gate 12( .

Baikonur 21875
Shelek 14

Beyneu 2191,8
Fort-Shevchenko 23

Shetpe 2264,8
Arkalyk 23]

Zhanaozen 2168,0
Yereymentau 23 )

Zhetibay 2264,3
Karkaralinsk 20 ]

Eski Ikan 2156,0
Janatas 23] ]

Georgievka 19253
Emba 221
Along Caspian sea 22¢

h=100m

Atbasar 22;

1 1605,4 2 2470,3 3 5492,0 4 5330,7 5 5361,2 6 4337,0 7 5038,5 8 5004,1 9 5156,5 10
50509 11 3305,6 12 5063,8 13 4993,1 14 4941,5 15 5162,9 16 4949,8 17 5220,4 18 4763,9
19 4107,1 20 Ulbi 1391,7 2313,4

Nevertheless, due to the limited availability of accessible data, only the average annual GHG
emission reduction potential for each location was calculated. In contrast, for the first attribute,
the hourly data was employed for each location. The evaluation of the variability of attribute X2
entailed analyzing average annual data for each location in Kazakhstan spanning from 2019 to
2023. Probability plot approach was used to approximate the distribution of the data and
characterize the type of distribution observed at each location in Kazakhstan. Following the
construction of the PP plots, it was determined that among the initial twenty locations, seven
exhibited adherences to two distinct distribution types: normal and lognormal, respectively.
Probability plots (PP) for five year values of GHG emission reduction potential that approximate
the distribution type in seven locations are detailed in Appendix K. Locations selected for the
further investigation are presented in the map of Kazakhstan Figure 10. To demonstrate the data

calculated across the seven locations, Figure 11 presents the potential for GHG emission



reductions in various locations spanning from 2019 to 2023 for wind turbine at 50 meters.
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Figure 10. Final seven selected locations in the map of Kazakhstan.

Figure 11. GHG emission reduction potential of wind turbines at 50 meters from 2019 to

2023 for seven locations.

The analysis of Figure 11 reveals that Fort-Shevchenko demonstrates appealing annual GHG
emission reduction targets, almost 3000 tCOzeq/year. This trend is also evident in the potential of

Yereymentau. Conversely, Shelek and the Dzungarian Gate demonstrate notably lower indicators
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compared to the other locations, not higher than 1500 tCO,eq/year. While other locations
demonstrate figures ranging between 1500 and 2600 tCO2e/year.

Likewise, with the MAUT methodology employed for the Xi attribute, employing the
method for the X2 attribute. Which requires the extraction of statistical values, including
minimum (min), low, base, high, and maximum (max) from seven selected locations. Table 11

represents a statistical value of GHG emission reduction potential for seven locations.

Table 11. X: attribute — GHG reduction potential. Min, low, base, high, and max values average
Jor all alternatives at 50 and 100 meters height.

Dzungarian Gate — Normal Distribution

Variable Unit Min Low Base High Max Min Low Base High Max
GHG reduction

1COeqlvear | 19749 | 22492 | 237

potential 71347 Shelek — Normal Distribution

Variable Unit Min Low Base High Max Min Low Base High Max
GHG reduction

tCOseq/year 1127 | 12993 | 13¢

. 739,7
potential 3739, Fort-Shevchenko — Lognormal Distribution

Variable Unit Min Low Base High Max Min Low Base High Max
GHG reduction

1COeqlvear | 1983 | 22498 | 238

. 7,2
potential 6937, Yereymentau — Lognormal Distribution

Variable Unit Min Low Base High Max Min Low Base High Max
GHG reduction

1COeq/vear | 1781 | 21642 | 235.

. 70134
potential ’

Atbasar — Lognormal Distribution
Variable Unit Min Low Base High Max Min Low Base High Max
GHG reduction

1COeqlvear | 1512 | 1974 | 221

potential 6505,8



Kyzylorda — Lognormal Distribution

Variable Unit Min Low Base High Max Min Low Base High Max

54
GHG reduction

potential tCOseq/year 1511 1958,8 2190,1 2448,7 3175,2 3034 4319,8 5026,9 5849,7 8326 Georgievka — Lognormal Distribution

Variable Unit Min Low Base High Max Min Low Base High Max GHG reduction

potential [COseq/vear 1709,2 1857,1 1924,5 1994,3 2166,9 3536,4 3924,9 4104,6 4292,5 4764

The average GHG emission reduction potential calculated for 50 and 100 meter wind

turbines for the 2019-2023 timeframe are shown in Table 12.

Table 12. Average GHG emission reduction potential by one wind turbine for seven locations,
tCO:zeq/year.

reduction potential, emission reduction
tCO,eq/year Location potential, tCO,eq/year at
Ne Location at 50 meters Average GHG 100 meters
Average GHG emission
15583,8
Fort-Shevchenko 2445 Fort-Shevchenko
Dzungarian Gate 1202,6 Dzungarian Gate
Yereymentau 2352,3 Yereymentau
Atbasar 22224 Kyzylorda
Kyzylorda 2198,8 Atbasar
Georgievka 19253 Georgievka

21605,43 5361,24 5063.8 5 4948,4 6 4107,1 7 Shelek 1382,6 Shelek 2313,3

4.4. Decision tree construction

The construction of a decision tree (DT) is one of the steps in the decision-making process,



the visual representation of the criteria and decision pathways involved in selecting optimal
locations for wind power plant installations. This process outlines the systematic approach taken
to develop the decision tree, focusing on the primary attributes, wind power output (X1), and
GHG reduction potential (X2). Firstly, decision tree starts with the identification of decision
nodes, representing critical points where choices are made. These nodes serve as key junctures
where the decision

making process unfolds. The attribute’s values high, base, and, low calculated for the Pout in
Table 6 will be location in the X1 nodes. Similarly, with the X2 values of GHG emission reduction

potential in Table 11. The first part of the decision tree is alternatives (i.e. potential locations for
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WPP), in this case seven locations are considered. Next from each alternative are nodes

connecting to attribute X1 with high (0.25), base (0.5) and low (0.25) probability values,
indicating a 25% probability for high and low classes, and 50% chance for the base class. These
probabilities guide the model's classification decisions as it moves data through the tree. Finally,
nodes from each probability value of attribute X1 are connected to attribute X2. Figure 12

represent a simplified decision tree for seven alternatives.

Potential Wind Power GHG reduction
Alternatives Ohatpuat, MW h'year potential, 1C02eq viear
X X
Lawesaling 1 High Hiuh
- - .28 - 035
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Figure 12. Simplified decision tree for seven alternatives (locations).

4.5. Multiattribute utility function construction

In the multiattribute utility theory (MAUT) methodology, the Decision Maker (DM) plays a
major role in providing valuable insights through the completion of the decision analysis process
by answering a questionnaire. The interview protocol was approved by the Nazarbayev

University  Institutional Review Board for Ethical Conduct (IREC), and subsequently, an



interview with an expert in the energy field (decision maker) was carried out at Nazarbayev
University. There will be three questionnaires for the decision maker (DM). First, utility
independence questionnaire for the DM is presented in Appendix E, this questionnaire serves to
determine the decision maker's preference for whether attributes are utility independent on each
other. Four cases of utility independencies (UI) was described by Abdildin and Abbas 2013 [81].
Mutual utility independence, partial utility independence two cases: one-switch UI and boundary
Ul and complete utility dependence. Two scenarios and a question are presented to the decision
maker, and by examining the DM’s responses, utility interdependence of the two attributes is

determined.
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An interview with the expert was conducted and the results of the first questionnaire on utility

independence were reviewed. DM responses on the questionnaire: Scenario 1 — Project B,
Scenario 2 — Project B, Final question — No. After examination of the results, the expert’s
preferences resulted complete mutual UI among the attributes X7 and X2, which corresponds to a
multilinear form of a multiattribute utility function, in Equation (22). For the two attribute case

this equation will have the following form:

00(9090,909,) =99,,,99,,,(00)) +09,,,00,,,(990,) +
09044190,9090,5,(990,)00,,,(09,) (23)

where every attribute, is Ul of its complement, and €@ 4460 (@9 oo) = €0 (99, ,|99,,),
and the scaling constants will be equal t0 @@ 44, = €€ (€97, 0020), V046, = 00(0010,
002*), and 00@@1002 =1- 00@@1 - 00002.

A next elicitation questionnaire is used to find the utility function @@ ¢¢¢0(@®4¢) for each
attribute, which are specified in Appendix F for attribute X1, and Appendix G for attribute X2

respectively. After conducting an interview with the expert, the following values were identified

Q9),;, 99, and €9, these values will serve as points in the plot and will form the

complete function for single

attribute. Table 12 represents a response of DM on elicitation questionnaire. Values of €€ and

©9° are the maximum of maximum and minimum of minimum values of each attribute that was

calculated in Table 8 and Table 11.

Table 13. X1and X2 attributes DM’s responses (bold) to elicitation questionnaire, 9944 6666



094000 and 99446 90040

Quartiles Values at 50 meters Values at 100 meters
@9, MWh/year ©9,tCO,eq/year @9, MWh/year €€, tCO,eq/year
@9 59708 3 239,26 239905 8 326
994060000 450002 700 180 000 6 600
90000 300002 200 120 000 4 900
994060000 150001 650 60 0003 150
PN 0112727 01411,93

After receiving the responses from decision maker (DM), as highlighted in bold in Table
13, the process of constructing a single attribute utility function can be initiated through curve

fitting approximation, as depicted in Figures 13 to 16. The derived functions reveal a consistent
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linear form across all attributes, indicating the decision makers' risk-neutral behavior during

responses to the elicitation questionnaire. This characteristic is evident in both the graphical

representations (Figures 13 to 16) and in Table 13.

X1 - Parenizal piever oulpa, RIWh'vear

Figure 13. Curve fitting for X1 attribute at 50 meters.



A

Figure 14. Curve fitting for X1 attribute at 100 meters.
Based on the resulted DM preferences from curve fittings for X1 attribute (Figure 13 — 14) the
expected single attribute utility can be calculated, by using decision tree from Figure 11 and high,

base, and low values from Table 8 for X1 attribute. The approximated functions based on the
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preferences of the DM the expected utility for each location on 50 and 100 meters can be

calculated. Expected utility function is calculated using formula below:

V0(994000) =0.25 % 99460000(9940) T 0.5+ 9940600000(99oe) + 025+
99100001(9940) (24)

where the @944 value is high, base, and low values of an attribute, in case of X1— values of
potential power output (@9 46e666) Of €ach location from Table 8, and in case of X2— values of

annual average GHG reduction potential (A¢¢eeee) from Table 11, and the probabilities in the

decision tree Figure 11.

After evaluating the responses gathered from the elicitation questionnaire, it was observed
that the decision-maker (DM) provided linear responses, meaning that to attributes X1 and X2
DM is risk-neutral position. For instance, from Figure 13, WPP at 50 meters the utility function

is expressed as:

0900,(90)) =00, 00, — 90,(25)



where €€, = 0,00002, and €€, = 0,0009, and the ®€,value is high, base, and low values

of potential power output (@9 ¢6666¢) Of €ach location.

Similar with the WPP at 100 meters the function from Figure 14:
99,6.(9090)=090,-00,— 96,20

where €€, = 0,000004, and €€, = 0,00008. Extracted utility functions can be applied into

Equation (24), in order to calculate the expected single attribute utility. Table 14 represents an

expected utility function values for 50 and 100 meters’ wind power plants.

Table 14. Single-attribute expected utility values at 20 locations for 50 and 100 meters for X1
attribute.
meters

Vo Location X1 Expected Utility at 50 Xi1Expected Utility at 100 meters

10,00
Dzungarian Gate 0,00
Shelek 0,00
Fort-Shevchenko 0,04
Arkalyk 0,04
Yereymentau 0,04
Karkaralinsk 0,02

20,003 0,054 0,045 0,04 6 0,027 Janatas 0,03 0,04
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8 Emba 0,03 0,03 9 0,04

Along Caspian sea 0,03
Atbasar 0,03
Zaysan 0,01
Kyzylorda 0,03
Baikonur 0,03
Beyneu 0,03




Shetpe 0,03
Zhanaozen 0,03
Zhetibay 0,03
Eski Ikan 0,03
Georgievka 0,02

10 0,03 11 0,01 12 0,03 13 0,03 14 0,03 15 0,04 16 0,03 17 0,04 18 0,03 19 0,02
20 Ulbi 0,00 0,00

The following utility function was determined for the second X2 attribute GHG reduction

potential at 50 meters from Figure 15:
00002(002) = 002 * 002 - 002 (27)

where €€, = 0,0005, and €€, = 0,5349.

Figure 15. Curve fitting for X: attribute at 50 meters.
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Similarly, with the X, attribute GHG reduction potential for 100 meters from Figure 16:



0940,(090,) = 00,5 00,— 90,(28)

where €€, = 0,0001, and €€, = 0,2057. Table 15 represents the expected single-attribute
utility values for X2 attribute. Expected utility values were calculated for seven locations due to a
lack of data on GHG emissions at the locations, which was discussed in subsection 4.3.2 X2

GHG emission reduction potential.

A

Figure 16. Curve fitting for X: attribute at 100 meters.

Table 15 Single-attribute expected utility at seven locations for 50 and 100 meters for X:
attribute.

No Location X2 Expected Utility

at 50 meters Location X2 Expected Utility
at 100 meters

10,3435
Fort-Shevchenko 0,6554 Fort-Shevchenko
Dzungarian Gate 0,6552 Dzungarian Gate
Yereymentau 0,6413 Yereymentau
Atbasar 0,5754 Kyzylorda
Kyzylorda 0,5636 Atbasar
Georgievka 0,4277 Georgievka




20,34333 0,33044 0,29995 0,2889 6 0,2050 7 Shelek 0,1562 Shelek 0,0253

Recall the derived multilinear form, Equation (23) €946 = €946(9944 00@00), and

990000=1—9090,,— 990,,, from which the constant scaling coefficients were assessed
from the DM. The coefficient
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assessment questionnaire is demonstrated in detail in Appendix H. The question: what probability

(p) makes you indifferent between: (1) receiving (991", 0020) surely for a wind turbine at 50
meters and (2) lottery between (91", @@,") with p and (0€,°, ©@,°) with (1 - p)?

The DM response was €€ = 95%, so the €944, = €9(99, 0020) = 0.95, and same

with €944, With €944, = 00(0010, 99,") = 0.01 where €€ = 1%. In this questionnaire
the DM’s responses were same to the WPP projects at 50 and 100 meters’ height.

Finally, all the elements are available to construct multiattribute utility function that will
determine the optimal location for installing the WPP in Kazakhstan. Using an Equation (23) the
utility functions and scaling constants for the WPP at 50 meters’ height can be displayed in the

following expression.
09(9090,99,)) —09,,,990,,,(990)) +990,,,990,,,(990,) +
9946.90,99,4,.(990)909,,,(99,) (29) where ©94,,,(99)) =00, x990, — 00 ;
where €€, =0,00002, and ©€,=0,0009;
09,6.(9090,) =09,x00,— 09,;
where €€, = 0,0005, and €€, = 0,5349;

99 p0= 00(00,,00,)) =095, 900,,,= 00(99,°, 99,) =0.1; 00,4,00,= 0.04.

The MUF for WPP calculated for 100 meters’ height:

99(00,,9090))=99,4,99,0.(9090)) + 00,4,99,,,(99;) +

990,090,909 4,(09,)900,0,(99,) (30) Where €9 4,(99,) = 00, % 00, — 90

where €€, = 0,000004, and €€, = 0,00008;



9900:(99,) =909, 99,— 09,
where €€, =0,0001, and ©¢,=0,2057;
9940, = 99(990,,99,°) =095, 994, = 99(99,,09,) =0.1; 990 ,44,00,= 0.04.
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4.6. Multiattribute utility function expected utility

The calculation of the Expected Utility E(U) for two attributes is a final step in
quantifying the overall utility of potential WPP sites, and identifying an optimal decision among
all alternatives. With obtained the true preferences of the Decision Maker (DM) and the single
attribute utility functions developed for two attributes the final MUF can be calculated. The
expected utility calculation creates the contributions of both attributes, providing overall measure
of a particular wind farm location. The subsequent comparison of Expected Utilities across
different sites will guide the final decision-making process, leading to the identification of
optimal locations for WPP installations for 50 and 100 meters’ height wind turbine types. The
expected multiattribute utility values calculated using Equations (29) and (30) for seven locations

are presented in Table 16.

Table 16. Expected utility at seven locations for 50 and 100 meters.

No Location Expected utility

of WPP at 50 m Location Expected utility of

WPP at 100 m

10,0484

Fort-Shevchenko 0,0498 Fort-Shevchenko

Yereymentau 0,0451 Yereymentau

Atbasar 0,0343 Kyzylorda

Kyzylorda 0,0337 Atbasar

Georgievka 0,0213 Georgievka

Dzungarian Gate 0,0080 Dzungarian Gate




20,0458 30,0355 40,0353 50,0192 6 0,0059 7 Shelek 0,0043 Shelek 0,0044

Figure 17 demonstrates the comparison of expected utility values for seven locations WPP
at 50 and 100 meters’ height. According to the histogram illustrating the expected multiattribute
utility values, it is evident that the optimal location for the setting up of wind turbines in
Kazakhstan is the Fort-Shevchenko wind power project, 0.0498 for 50 meters, and 0.0484 for 100
meters respectfully. This based on the factors, including the considerable potential for reducing
greenhouse gas emissions and the potential power output. It is noteworthy that Fort-Shevchenko
is unique not only for its favorable attributes, but also for its geographical location located on the
shore of the Caspian Sea, which helps ensure efficient distribution of wind potential. Following
Yeremenetau site takes the second place, which exhibits slightly lower potential compared to

Fort-

63
Shevchenko. It is important to mention that the expected utility for a wind farm in the

Yereymentau location is greater if the wind turbine is installed at a height of 100 meters.

Figure 17. Comparison of expected multiattribute utility values across seven locations for
WPP at 50 and 100 m height.

Atbasar and Kyzylorda share the third position, with only a marginal difference of 0.56%
observed between them (0.0355 versus 0.0353 for WPP at 100 meters). This slight change



emphasizes how crucial it is to choose locations to maximize the overall efficacy of wind power
projects.

In contrast, Georgievka demonstrates low expected utility that is half that of Fort
Shevchenko, with expected utility at 100 meters’ hub height of 0.0192. Lastly, the Dzungarian
Gate and Shelek sites present significantly lower expected multi-attribute utility values among all
seven locations assessed. Even though these locations might not have as many advantages as
others, but its contribution in the analysis offers valuable comparison data regarding the diverse
wind power potential of Kazakhstan.

In conclusion, the research highlights the diversity of Kazakhstan's wind energy potential.
As a result, Fort-Shevchenko becomes the optimal location, followed by Yeremenetau and other
locations. This study provides an answer to the research question of using MAUT decision
analysis methodology to select optimal locations and provides valuable information for making
informed decisions to stimulate wind energy projects and reduce GHG emissions across the

entire energy sector in Kazakhstan.
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Chapter 5 — Discussion

The study comprehensively reveals the main goal of this research problem, which answers
the question of formulating a mathematical model based on the multiattribute utility of the theory
(MAUT). The purpose of constructed model is to determine the optimal sites for the location of
wind power plants (WPPs) in Kazakhstan. The patterns and distribution of these changes in wind
speed and the potential for reducing greenhouse gas emissions in Kazakhstan were also studied.
As a result of this research, the optimal locations for installing wind farms in Kazakhstan were
identified. Moreover, this study examined both the potential for clean wind power generation in
Kazakhstan over a five-year period and the reduction of GHG emissions, which has been widely
discussed over the past decades. Unlike past studies, the selection of optimal locations was based
on a decision analysis approach, specifically application of decision analysis extension —
multiattribute utility theory (MAUT). The theory extracts utility from each alternative (i.e.
location) and also incorporates the application of the DMs actual preferences into the
mathematical model. The results showed that the Fort-Shevchenko location in Kazakhstan is the

most optimal for installing a wind power plant. The data obtained indicate that, based on the



preferences of the DM, who is normally an expert in the field of research, this location is the best
location. The choice of this location by the constructed model is due to the fact that this area has

an excellent wind patterns, and its geographical location on the shores of the Caspian Sea.

Notably, the expected utility of different locations responds differently to each wind
turbine height. For instance, the model prefers a wind turbine at a height of 50 meters for
Fort-Shevchenko over a turbine at a height of 100 meters (0.0498 vs. 0.0484). Conversely, for
Yereymentau the expected utility for a wind turbine at the height of 100 meters is higher than for
a wind turbine at 50 meters. This means that although the electricity production is higher for a
100-meter wind turbine, it may not always give the expected result for the DM. Regarding the
regions of Kazakhstan, mainly the northern regions and the eastern border adjacent to the
Caspian Sea are promising areas for the installation of wind power plants in terms of potential
power generation and power factor. The study also observed a correlation indicating that wind
speeds in numerous studied locations in 2023 were notably higher compared to the preceding
years from 2019. A notable observation is the observed seasonal variability in wind patterns
across Kazakhstan: weaker winds in the summer months and increased wind activity in the
autumn and winter seasons.
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A similar pattern can be seen in the potential to minimize GHG emissions in 2023, there is a rise
in this potential. These results provide valuable material on the geographic distribution of wind

energy resources in Kazakhstan.

Moreover, the results suggest that the southern region of Kazakhstan, specifically
Dzungarian Gate and Shelek, exhibit lower suitability for wind power installations in terms of
expected utility. However, based on the results of similar studies [31], [34], these locations were
recommended for the installation of wind farms, contrasting with the present results. Nevertheless
previous study have shown promising energy production potential in the Fort-Shevchenko and

Yereymentau areas [49], which support the results obtained in the current study.

Nonetheless, the study had some limitations. Initially, 20 locations were selected for
analysis to determine their suitability for wind turbine installations. However, due to limited data
on the greenhouse gas (GHG) reduction potential for each location, only the seven locations were

included in the final calculations. In addition, the distribution of these locations was



approximated using a probability plotting. Despite existing limitations in the current study,
several recommendations can be made to expand future research in this area. First, efforts should
be made to improve data collection methods to provide a more complete set of data for analysis,
such as the use of data capture systems on each location. Additionally, possible collaboration
with relevant stakeholders to collect more detailed information on the potential for greenhouse
gas emissions reductions in a wider range of locations. Furthermore, it is recommended to
explore alternative methodologies for assessing greenhouse gas emission reduction potential,

such as remote sensing techniques.

In conclusion, this study aims to achieve its main goal of formulating a mathematical
model based on MAUT to determine the optimal locations for installing wind power plants
(WPPs) in Kazakhstan. By studying the patterns and distribution of wind speed and potential to
reduce GHG emissions, the study identified the optimal locations for wind farms. Unlike previous
studies, this study used a decision analysis approach, specifically applying an extension of
decision analysis, MAUT, which incorporates true decision makers' preferences into the model.
The results show that Fort-Shevchenko is the most optimal location for installing wind power

plants due to its favorable wind conditions and geographical location on the Caspian Sea shore.
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However, despite the significance of the results, the study challenged limitations of lack

of data availability, which resulted in seven sites being included in the analysis.
Recommendations for future research include improving data collection methods, collaborating
with stakeholders to collect detailed information, and exploring alternative methodologies for
assessing GHG reduction potential. These efforts will help improve the accuracy and
completeness of future research in this area, which will ultimately contribute to the sustainable

development of wind energy in Kazakhstan.
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Chapter 6 — Conclusions

The main goal of this research was to identify optimal locations for installing wind power
plants in Kazakhstan using a decision analysis. The study comprehensively explored
Kazakhstan’s wind energy capacity and the potential of reducing a greenhouse gas emission.

Moreover, the decision-making methodology of Multi-attribute utility theory (MAUT) was



applied to identify the expected utility values of each location based on the main attributes, and
integration of decision maker’s (DM) true preferences through questionnaires to determine the
most suitable location, with Fort-Shevchenko identified as the most optimal for a 50-meter
height among seven explored locations. This research has significant relevance in considering
the challenges of sustainable energy production and GHG emission mitigation. By applying the
decision analysis for identification of optimal WPP locations, it may contribute to the
Kazakhstan’s efforts on the way to effectively integrate renewable energy sources and reduce the

level of GHG emissions, which will make Kazakhstan's energy sector relevant to the SDGs.

Future research could focus on improving decision analysis methodology and alternative
methodology for calculating GHG emission reduction potential. Possibly also including
additional attributes for the MUF function, such as economic feasibility. There is also the
possibility of developing a web application for decision analysis for choosing the type of wind
turbines and choosing a location for installation based on personal preferences. Many investors
from Kazakhstan, together with officials, experts in the energy sector, and environmentalists,
may find this study beneficial. The findings can be used by policymakers and private investors to
formulate initiatives aimed at integration of RES, and business experts can use the results of this

study to make optimal decisions with wind power investments.

The comprehensive analysis conducted in this study highlights the significance of using
relevant decision analysis methodologies such as MAUT to make optimal decisions in renewable
energy development sector. By prioritizing sustainability and efficiency, the optimal location can
accelerate the transition to a green and sustainable energy, benefiting both current and future

generations.
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Appendices
Appendix A. Map of Kazakhstan, with road (thin black line), railroad (red
line), and wind speed at 50 meters, using QGIS 3.32.3. Sources: [83], [84],
[85], [86], [87], [88]
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Appendix B. Map of Kazakhstan, with road (thin black line), railroad (red



line), and wind speed at 50 meters (> 7 m/s), using QGIS 3.32.3. Sources: [83],
[84], [85], [86], [87], [88]
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Appendix C. Map of Kazakhstan, with road (thin black line), railroad (red

line), and wind speed at 100 meters, using QGIS 3.32.3. Sources: [83], [84],
[85], [86], [87], [88]
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Appendix D. Map of Kazakhstan, with road (thin black line), railroad (red

line), and wind speed at 100 meters (> 7 m/s), using QGIS 3.32.3. Sources:
[83], [84], [85], [86], [87], [88]
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Appendix E. Utility independence questionnaire for 50 meters. Source:
Adapted from [79]

The purpose of this questionnaire lies on determining a dependence/interdependence
between the attributes. There are two main attributes that will be included in the research of
selecting optimal locations for the installation of wind power plants (WPP). Attribute X1 pertains
to the potential power output of a wind turbine, measured in megawatt-hours per year
(MWh/year), and attribute X2 signifies the avoided greenhouse gas (GHG) emissions resulting
from the operation of the wind turbine, measured in tons of carbon dioxide equivalent per year
(tCO2eq/year). These values were calculated for one wind turbine installed at height of 50

meters.



Attribute values will be presented both numerically and qualitatively (i.e. from worst to

best). The Table 1 represents an attributes and values that will be used in this questionnaire.

Table E.1. Attributes of the research and its values for 50 meters.

Attribute Measurement Yalue variation
Worst Best

Xi1— Potential power output MWh/year 0010 =099, =59 708 X,— GHG reduction
potential tCO2eq/year €€,° = 1127 @@," = 3239

For instance, in case of attribute X1 — Potential power output the x* means the best value,
max power output from a wind turbine under optimal conditions, and the x’the worst possible

value of power output from a wind turbine.

Please answer the questions on the next pages, your valuable answers in decision-making
process through this questionnaire will play an important role in advancing the understanding of
the intricate relationship between these attributes, contributing to the optimization of WPP

locations. The data obtained will be used only within the framework of this scientific research.
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Question #1. Assess the dependence of X; — Potential power output from X,—- GHG
reduction potential

a) Given two projects A and B with a 50/50 chance of getting different energy generation

from a wind turbine, which project would you prefer?

Scenario 1. In this scenario both projects have the fixed GHG reduction potential which is equal

to 0020 = 1127 tCO2eq/year:

Project A Project B



@o," = 59 708 MWh/year @&, =50751
MWh/yvear

0010 = 0 MWh/year ,
QY = 8956 MWh/year

Circle one out of three

equivalent) Project B

Project A I’m indifferent (the projects are

b) Which project would you prefer in the next scenario?

Scenario 2. If in both projects the value will be €€," = 3239 tCO2eq/year

Project A Project B

@0, = 59 708 MWh/year @o, =50751
MWh/year

0010 = 0 MWh/year ,
@Y, = 8956 MWh/year

Circle one out of three

choices: '
equivalent) Project B
Project A 1™ indifferent (the projects are

c) If the value of attribute X2 in scenario 1 or 2 were held fixed at some other value between
1127 and 3239 tCO2eq/year, would your answer change?

Circle your answer: Yes No
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