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Abstract

Wind energy is advancing in industrialized countries and is considered one of the
most promising renewable energy sources because of its nearly inexhaustible clean energy
potential. Wind turbines hold an important place among renewable-based power plants
due to the broad availability of wind resources, their substantial potential, and progress in
the global wind energy sector.

Many countries are shifting from traditional electricity generation to renewable and
alternative sources. In this context, the efficient use of wind energy in industrial processes
has become an important scientific and technological challenge.

Therefore, the main objective of this dissertation is the efficient use of wind energy
in cement production. Forecast-based control can improve efficiency through load
optimization and electricity demand forecasting. Such approaches help industrial
enterprises reduce energy losses, optimize operating parameters, and improve overall
efficiency.

A key wind turbine performance parameter is the wind energy utilization
coefficient, defined as the ratio of mechanical power to the total power of the airflow
through the swept area. Improving power control to increase this coefficient under
different operating conditions is therefore an important engineering task.

The first chapter presents the literature review. It covers the development of wind
energy, trends in small-scale generation, and the main wind turbine power control
methods, including constant- and variable-speed operation, rotor speed variation, gearbox
ratio adjustment, and changes in blade pitch or rotor geometry. These methods are
important for efficient wind energy conversion systems.

The second chapter discusses the development of a wind turbine computer model
for simulation analysis. It also highlights the growing use of digital control systems in
engineering and the continued advancement of analysis tools, including modeling
software, numerical methods, programming languages, software design tools, and
computational hardware.

Simulation modeling at the design stage of complex control systems reduces
research, development, and testing costs while shortening development time.
MATLAB/Simulink was selected as the main research environment due to its widespread
use in scientific and engineering practice. The chapter presents mathematical models of
wind turbine components for analyzing various power control methods through
simulation.

The third chapter examines the potential for wind energy generation in the cement
industry. Industrial analyses show that electricity use in cement production accounts for
about 25% of total energy consumption. Although this share varies with plant design and
operating conditions, demand remains high. In large plants, installed capacity often
reaches several tens of megawatts, placing a substantial load on national and local energy
systems.

Observations at the Kaspi cement plant reflect the same global trends. Daily
operations require substantial electrical energy. At present, the national grid is the main
source, while a diesel generator provides emergency backup. Although functional, this
arrangement is neither economically nor environmentally sustainable in the long term.
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The electrical demand of cement production is a technical, economic, and
environmental challenge affecting costs, efficiency, sustainability, and competitiveness.
Addressing it requires innovative solutions adapted to local conditions. Even partial
implementation can reduce grid dependence, operating costs, and emissions while
supporting sustainability goals.

The fourth chapter justifies the selection of a vertical-axis wind turbine. This is
particularly important when the wind resource is not natural atmospheric wind, but a
directed airflow generated by an industrial process. In the proposed project, the driving
airflow originates from the exhaust outlet of the emission stack, where air rises
continuously from the lower part of the system during plant operation.

For practical electricity generation, the turbine must also utilize the horizontal wind
field at emission tower height, where airflow near industrial facilities is often turbulent
and directionally unstable. For this reason, a vertical-axis wind turbine is more suitable
than a horizontal-axis design, as it performs better under such conditions, requires no
wind-direction alignment, reduces mechanical complexity, improves reliability, and
better satisfies the safety requirements of the cement plant environment.

The fifth chapter discusses the selection of a battery energy storage system for the
DC-coupled integration of a vertical-axis wind turbine in the cement plant. Battery
storage is a key component of the proposed energy architecture, especially when the
objective is to provide reliable daily support for a specific plant section.

Electrical loads in cement production are continuous, and uninterrupted operation is
essential. At the same time, renewable generation supported by industrial exhaust airflow
may vary due to process conditions, control actions, or maintenance. A properly selected
battery system improves wind energy integration by providing short-term buffering,
controlled power delivery, and low-voltage flexibility.

Since the project is intended to provide daily energy support to a selected plant
section, the storage system is expected to operate under charge-discharge cycles. Under
these conditions, lithium-ion batteries are the most suitable option because of their longer
service life, higher usable capacity, and greater efficiency. Although their initial cost is
higher than that of lead-acid batteries, their lifecycle cost is generally lower due to less
frequent replacement and higher energy throughput.
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