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Abstract

The renewable energy sector (RES) is a fast-growing industry that provides sustainable

and clean energy. The adoption and integration of such technologies positively affect the

environment and boost the country's economy. The global trend for sustainability opens new

opportunities to integrate sophisticated technologies and improve existing energy infrastructure.

This project aims to propose a detailed Digital Twin (DT) framework indicating important

implementation steps and providing insights into DT technology that improves operational

efficiency, optimizes performance, and creates a user-friendly platform for real-time monitoring.

This study has produced several deliverables through collaboration with the domestic

company TechnoGroupService (TGS), which specializes in constructing and operating solar

power plants in Kazakhstan. Deliverables include a detailed investigation of the 50MW solar

power plant's operational process, infrastructure, and data transfer models. That detailed plant

information helped to build a strong foundation for a comprehensive DT implementation

framework that describes all the steps and procedures required to obtain a working DT platform.

The framework provides a DT architecture consisting of six main phases, from plant

infrastructure exploration to DT application description. The entire framework was then used to

create a detailed roadmap for the implementation of DT in the context of Kazakhstan, taking into

account the peculiarities of the region and adapting international standards to the realities of the

country. As one part of the development phase, an online web platform has been developed.

These include real-time monitoring indicating the current status of the solar plant which is

further used in reactive-maintenance capabilities. The results offered have been reviewed by

industry experts and capstone supervisors to ensure applicability, reliability, and actuality.

Keywords: Digital Twin, framework, reactive maintenance, solar power plant.
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CHAPTER 1: INTRODUCTION

1.1 Background
Kazakhstan has become a significant player in the worldwide market for renewable

energy thanks to its enormous landmasses and plentiful solar and wind resources. With ambitious

aims to diversify its energy mix and reduce dependency on fossil fuels, the Kazakh government

has developed several regulations and incentives to encourage the development of renewable

energy. The country's convenient legal landscape, along with its strategic positioning between

major energy roots, has been the reason for considerable investments in renewable energy

projects, especially solar and wind (Lim, 2021).

The renewable energy sector of Kazakhstan could be described as an emerging market

with an increasingly growing number of large-scale projects characterized by advanced new

digital technologies. TechnoGroupService (TGS) is among the leading companies that provide a

wide spectrum of services for renewable energy projects, including design, construction,

maintenance and consulting functions. Since TGS has built a solid expertise and knowledge in

developing green energy projects the company is in a position to provide consulting and

management services in terms of engineering design and construction phases.

TGS has established a reputation as a company that thrives for excellence and

innovativeness in the renewable energy sector by accomplishing high-quality projects on

schedule and under budget.

1.2 Research Motivation
The idea of developing a digital twin solution for solar power plants in Kazakhstan is

rooted in the digital transformation happening in the energy sector of the country. The main

purpose of the digital twin is to provide real-time information and sophisticated analytics of a

power plant’s current state and performance. Being one of the strategic sectors of the economy,

the introduction of cutting-edge technologies into the renewable energy sector (RES) could play

a vital role in attracting foreign investments and growing interest in Kazakhstan’s renewable

energy initiatives. The topicality of implementing innovative solutions is reinforced by the fact

that Kazakhstan possesses huge solar and wind resources (Akhmetkaliyeva, 2020). There are
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many challenges in relation to the operational efficiency and effective analytics of RES projects

that could be addressed by digital twin solutions. It becomes especially prominent in terms of

real-time monitoring, reactive maintenance and deep analytics of solar and wind power plants.

The motivation for writing this capstone project is to provide a novel solution to solve the

above-mentioned issues by introducing a comprehensive digital twin framework adopted to the

operational realities of Kazakhstan’s solar power plants.

Traditional monitoring and maintenance procedures and plant management often

demonstrate a lack of efficiency, which could lead to insufficient performance and growing costs

of maintenance. By introducing a digital twin solution this project will provide a smooth

transition from the theoretical domain to the real power plant conditions by equipping the

stakeholders and plant management with effective tools to monitor, predict and prevent the state

of the plant and perform advanced analytics.

Moreover, the development of a digital twin architecture will substantially assist in

increasing the integration of RES projects into Kazakhstan’s energy sector. The provided

framework will help decision-makers in resource allocation and optimization to maximize solar

power plant’s operational efficiency via accurate monitoring and analytics. Furthermore, digital

twin could provide a basis for data-driven decision-making in long-term perspectives and

successful integration of RES projects into the national electrical grid. Energy forecasting

applications enabled by digital twin would contribute to achieving a more balanced generation

and consumption of all objects in the energy sector.

Additionally, in the long-term perspective, this research initiative will become one of the

pioneering digital innovation solutions in the renewable energy sector of Kazakhstan, creating an

impulse to implement new digital technologies into the energy sector. This project promotes

interdisciplinary cooperation and knowledge transfer (exchange), while also making the

renewable energy industry more competitive by becoming the first to establish a digital twin

framework specifically designed for Kazakhstan's solar power plants. Strategic partnerships with

academic institutions, industry representatives, and policymakers, this research initiative will

produce knowledge that can assist in implementing subsequent policy initiatives and

technological developments that aim to initiate the transition toward a safer and sustainable

energy ecosystem.
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In conclusion, the development of a digital twin framework for Kazakhstan’s solar power

plants is an important step in achieving the region's highest renewable energy potential. This

project aims to provide stakeholders with the expertise and skills required for effective

management of the complex nature of solar energy production by addressing crucial operational

challenges and promoting innovation. In the process, it aspires to open the way for a more

prosperous and sustainable energy future.

1.3 Aim and Objectives
The primary aim of this Capstone project is to develop a Digital Twin (DT) framework

for Kazakhstani solar power plants. The proposed framework will propose a comprehensive

toolset for deploying DT technology for solar facilities in Kazakhstan and provide insights for

applications that can enhance efficiency, maintenance, and operational procedures. Real-time

data from existing solar power plants has been obtained in collaboration with TGS company

which specializes in the construction and operation of renewable energy sources (RES).

The objectives of the project are to:

1. Capture comprehensive requirements for deploying digital twin for solar power plants;

2. Analyze the operational processes and procedures specific to a 50MW solar power plant

located in the Balkhash region;

3. Develop a DT architecture and a framework for implementing the DT in solar power

plants;

4. Develop a road map for implementing digital twin technology in the 50 MW solar plant;

5. Develop and validate the prototype via experts' judgment.

1.4 Scope of the Project
The scope of the project, as shown in Figure 1.1, mainly focuses on understanding a 50

MW solar power plant’s operational process with an evaluation of the plant’s infrastructure to

identify areas that can be improved through integration with digital twins. Key areas to focus on

include SCADA integration with the DT platform, corrective maintenance, performance

analysis, real-time data transfer and DT implementation framework. However, this project will
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not delve into building platforms from scratch. Instead, it will explore open-source options.

Mixed reality is out of scope due to complicated programming and hardware demands.

Additionally, predictive maintenance, which requires substantial data collection, analysis, and

failure mechanism expertise, will not be the project’s focus. While cybersecurity will not be a

primary concern during the prototype phase, it will be addressed in the framework. Financial

analysis of the digital twin implementation will be omitted from the project scope.

Figure 1.1 Scope of the project

1.5 Structure of the Report
This report consists of seven chapters and its structure is shown in Figure 1.2. The report

commences with an Introduction chapter that mainly provides background information on the

renewable energy sector and a preliminary introduction of the chosen company. In addition, in

this chapter, the project’s aim, objectives, motivation and scope are presented. Next, in Chapter 2

a comprehensive literature review with digital twin detailed descriptions, its application and

implementation technologies are provided. The next chapter is the methodology of the project,

where the research approach and sequences are presented. Furthermore, Chapter 4 describes the

current situation in TGS company with a comprehensive plant analysis. Chapter 5 presents the
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synthesis of Chapters 2 and 4 and one of the final deliverables of this project a digital twin

development framework. Following the framework development, Chapter 6 presents the

prototype developed for a 50 MW solar power plant. Chapter 6 also provides information about

the validation of the prepared framework and prototype with expert judgment and approval from

stakeholders, including industrial and capstone supervisors. The final chapter concludes the

whole project and paves the way for further study.

Figure 1.2 The structure of the report
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction
This chapter provides a literature review on solar power plants and digital twin

technology. The concept map of the literature review indicates key research areas that have been

studied through academic databases. The research field includes the 50 MW solar power plant

located in the Balkhash region, digital twin, digital twin applications, key components for DT

implementation, data transfer, and existing standards for DT.

Figure 2.1 Concept map for literature review

Using a thorough analysis of existing data, scholarly articles and industry reports the

knowledge gap related to digital twin implementation in Kazakhstan's renewable energy sector

was identified. To obtain the most relevant and up-to-date information a comprehensive search of

academic databases such as Scopus and Google Scholar was conducted. Figure 2.2 shows a

literature review methodology for the project. To stick close to the research scope various

keywords such as “digital twin”, “solar plant”, “application”, and “data transfer” were used.

Such an approach helped to obtain the most relatable papers and limit the number of research

articles to 449 from both databases at the initial search. Additionally, several filters were applied

to obtain the most recent research papers written in English. Finally, the title and abstract
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scanning, following the introduction and conclusion skimming provided 31 research articles to

read.

Figure 2.2 Literature review methodology

2.2 Digital Twin Technology
Several countries followed the trend of digital transformation and launched their

strategies such as “Industry 4.0” in Germany, “Society 5.0” in Japan, “Made in China 2025” in

China, and more generally “The Factory of Future” in Europe (Semeraro et al., 2021). Digital

twin technology has developed as an innovation in the energy business, serving as a virtual

representation of physical assets and processes. Digital twins, which were originally developed

in the manufacturing sector, then spread to other industries, including the energy sector. This

section explains the basic idea behind digital twin technology, which is a dynamic digital copy

that imitates the behavior and actions of real-world objects. Fundamental insight into the

development of digital twins from conception to broad adoption can be gained by following their

historical history. Since their inception in the 2000s, digital twins have progressed from simple

simulations to complex, data-driven models that enable various businesses to maximize

efficiency, reduce hazards, and simplify the decision-making process (Kritzinger et al., 2018).

The term "digital twin" refers to a real-time, virtual representation of a physical object or

activity. As a result, a digital twin grid is a virtual replica of actual systems, processes, and
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equipment that can carry out computer modeling, simulation, intelligent data analysis, and

machine learning to help users improve conventional electric grid planning and decision-making

processes (Jiang et al., 2022).

To deliver a thoughtful response to the complex power grid system, the digital twin has

developed modeling, simulation, and optimization capabilities. DT serves both visual and

predictive purposes for the electric grid. It may also be used to forecast its expected behavior.

The DT modeling approach can also be applied to simulation-based systems that support

decision-making using real-time data. Real-time data collection, transmission, and processing

from real space is accomplished by the virtual model (Grieves, 2014).

The goal of DT is to offer accurate information on the physical twin without relying on

modeling or simulation of system behavior (Cimino et al., 2019). Noteworthy are the important

developments in cyber-physical systems, the Internet of Things (IoT), and artificial intelligence

that are presented as novel revolutions in smart power plants. In addition to these technologies,

real-time data is constantly gathered, handled, and evaluated to produce a digital representation

of a physical system and a precise understanding of its present and potential future states. As a

result, the precise, dynamic, and contemporary virtual representation of the intended system is

prepared for secure real-time analysis and control. The idea of DT modeling is included in this

description and is taken into consideration by numerous industrial sectors, particularly the power

and energy sectors. Real-time and historical data can be handled safely and effectively with the

help of a DT power system. This system also helps with maintenance, design, and operation

management. Since DT-based power systems are novel and intricate in concept, research on them

is still in its early phases.

Many definitions of DTs, which reflect the skills and knowledge of analysts across a

range of areas, are given in articles. Digital twins, in a nutshell, are representations of actual

physical systems that are linked to the real system via a communication link. Information is

continuously exchanged over this communication channel, allowing control, monitoring, and

optimization of the physical object. This idea was first presented in the aerospace industry, and

as improved technology developed, it was expanded to other industries (Li et al., 2021). The

manufacturing sector uses the DT to monitor and control the conditions of its products and

production lines (Jafari et. al, 2020).
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2.3 Types of Digital Twin
The digital twins are widely used across different production phases by manufacturing

specialists (Kritzinger et al., 2018). Digital twins are intended to help with the optimization of

working processes, namely the processes involving predictive analytics, adoption of smart

automation, etc.

As mentioned above, digital twins may be categorized into a variety of types based on the

coverage scale (Andrade, 2023). While some reproduce the whole factory, others illustrate a

production line’s smallest unit. The four primary types of digital twins are the following:

Figure 2.3 Types of Digital Twin

1. Component Twin: Likewise referred to as parts twin, it is considered the foundational

level of digital twin technology. It complies with the system’s smallest elements, e.g. valves,

switches, or sensors. The digital illustration of the components allows users to observe

components’ characteristics to assess their performance, endurance, stability, and efficiency rates

in real time.

2. Product Digital Twin or Asset Digital Twin: The given kind of DT consists of

different component twins or it extracts information details from part twins to model complex

assets, namely buildings, pumps, and engines. The asset twin examines how individual

components work together to form a coherent whole, providing information about the operation

of the machinery and possible areas for improvement.

3. System Twin: System twins show how various assets combine to generate functional

units by mimicking the assets at the system level. System Twin provides a comprehensive

factory viewpoint to increase productivity or find new business prospects. System twins are
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mostly used for visualizing the assets associated with certain operations, allowing for real-time

simulation and monitoring that is important for process visibility and strategic decision-making.

4. Process Digital Twin: Process twins are the most advanced type of digital twin.

Process twins combine multiple system twins into a single entity to investigate intersystem

coordination and synchronization. This method allows for a flexible examination of outputs by

providing an in-depth understanding of the workflows and processes inside plants and factories.

Process twinning enables data-driven decision-making by allowing changes to production

temperatures or raw material feeding rates without interfering with manufacturing operations.

Top management teams may test different business hypotheses and efficiently monitor key

performance indicators, encouraging well-informed decision-making rather than relying too

much on intuition or past experience.

Digital twins can also be classified into three types based on the data exchange principle

(Andrade, 2023). All of them have in common the digital object and the existing physical asset. These

are the 3 main models:

Figure 2.4 Models of Digital Twin

1. Digital Model: The Digital Model has a manual data exchange from the physical to the

digital model. This approach is used as a foundation to build a Digital Twin system. As

the data flow is done manually, the changes in the state of the physical or digital model

have no synchronization in any of them.
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2. Digital Shadow: In contrast to the Digital Model, the Digital Shadow automatically

transfers data from the physical to the digital object. While changes in the physical object

can impact the digital representation, the reverse doesn’t work.

3. Digital Twin: The main advantage of Digital Twin is the automatic flow of data from the

physical to the digital asset and vice versa. As the Digital Shadow, the digital twin can

mimic the physical object, but also the changes in the digital object cause the changes in

the physical.

2.4 Application of Digital Twin in Solar Power Plants
The application of digital twins in the renewable energy sector creates multiple

opportunities from real-time monitoring to fault detection and power generation forecast. Such a

powerful technology can be used to deeply analyze the plant performance and identify any faults

in advance. Digital twin helps to create proactive actions that will decrease maintenance costs

and increase the plant's performance through its life cycle. Specifically, for solar power plants

digital twins can be used in several ways: real-time monitoring; predictive and corrective

maintenance; fault detection; power generation forecasting and increase in operational efficiency.

A combination of physical systems and smart sensors for measuring different parameters

can reveal real-time performance. The use of digital twins can provide an opportunity to monitor

the plant’s real-time performance, power generation, and health-state monitoring. Current

technologies provide an opportunity for cloud-based platforms to obtain real-time information

and can be used to evaluate energy resources (Livera et al, 2022). Such data can be used for

further data analytics to expand plant performance and identify certain parameters that can be

optimized or used for fault detection. The digital version of the solar power plant can decrease

the plant’s maintenance cost as all information can be obtained directly from the plant itself and

used to identify systems that require repair or service works in advance, leading to a decrease in

the system’s downtime (J.V.S. do Amaral a & Falekas, 2023).

Photovoltaic (PV) panels are a widespread and reliable technology, although PV panels

may encounter certain problems during operation such as power fluctuation due to faults in

inverters and PV cells; contamination of solar panels with dust, snow, and other types of dirt; PV

panel overheating and hotspots (Osmani et al., 2020). Therefore, fault diagnosis is one of the

crucial procedures that ensure an uninterrupted plant operation. There are various methods of
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fault diagnosis aimed at the identification of anomalies in the different system components.

Faults can be categorized based on the system components whether it is PV cells, wiring, or

inverters. The PV panels work in an open environment and are exposed to environmental

influences such as high-speed wind, high temperatures, and solid precipitation. Given the size of

solar power plants, identifying specific failure modes is time-consuming and expensive, so a

digital twin platform with integrated aerial imagery or computer vision with high-resolution

cameras can detect specific anomalies and alert operators when faults are detected with a specific

cell positioning (Vlaminck et al., 2022).

Aerial imagery can be done with drone photography of the plant site and used to identify

anomalies on the PV panel’s surface. In addition, one of the problems with PV panels is hotspots

that reduce panel performance, hence leading to a decrease in overall plant productivity. The

excessive proportional heating of a particular cell element compared to the surrounding cells

reveals the anomaly within the cell or whole panel that is usually caused by the shading of a

certain point on the solar panel. Such shading can cause reverse bias and concentration of current

on specific cells, leading to a temperature rise in that region of the panel (Pruthviraj et al., 2023).

Therefore, the use of drone thermal photography or static infrared cameras can identify such

hotspots and warn operators of excessive temperature rise, which will prevent whole panel

degradation. Moreover, a visual inspection of the plant site and the solar panel's condition can

spot areas covered with sand, snow, and other types of dirt, increasing maintenance efficiency

and decreasing operational costs.

Figure 2.5. Aerial imagery of solar plants that indicate shading (Vlaminck et al., 2022).

Sophisticated development of machine learning algorithms and artificial neural networks

made great improvements in fault diagnosis procedures. The acquired data through multiple
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sensors located on the plant not only show the plant’s current state but also can be used for

analysis of historical data. It is important to note there is a difference between fault detection and

fault identification as different procedures and approaches should be used for each of them. Fault

detection is a process with a binary outcome that indicates the presence or absence of failure,

meanwhile, fault identification is a precise classification of fault type. (Jain et al., 2020)

Machine learning (ML) algorithms perform best for fault detection as they can identify

certain patterns in big amounts of data and recognize abnormality in the system’s behavior (Jain

et al., 2020). The digital twin development implies the use of various sensors and IoT devices

that can transmit and store data, ML algorithms can quickly show faults and warn users. In

addition, machine learning applications can be expanded to analyze power generation and used

to forecast a plant’s output based on meteorological information. Artificial neural networks

(ANN) are a subset of machine learning algorithms that work best in fault identification due to

complex pattern recognition and constant training on real-time data. In addition, ANN can be

used for predictive maintenance as it can automatically extract certain features such as

temperature, vibration, or current fluctuations without manual measurements (Ye et al., 2020).

Such ability to identify the specific correlations between different parameters enhances the

prediction and proactively spots anomalies that can not be apparent to plant operators. Deep

neural network algorithms can predict the remaining useful life of equipment on the station based

on historical maintenance data. Such proactive planning can assist the maintenance crew in

identifying the weak spots and ensuring target component replacement, which positively affects

the plant’s uptime.

2.5 Implementation of DT Technology
Overall, the crucial part of exploring the digital twin and its use case in real life is

searching for guidelines and step-by-step descriptions on how to do it. The cornerstone of the

digital twin is the set of standards that guide its implementation and development. Standards

provide the framework, system architecture, and guidelines necessary for harnessing the power

of digital twins through operations.

ISO 23247 series defines the development framework for various implementation cases

that consist of 4 parts (Aheleroff et al., 2021). The concept of digital twins is at a very early stage

of development and is not complete. Therefore, existing standards made for specific areas or
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general use such as data transfer, system control, etc. are providing a good foundation for

upcoming improvement in Industry 4.0 (Shao, 2021). ISO 23247 series covers general principles,

architecture, digital representation, and information exchange. According to Guuadong Shao ISO

23247 series has introduced observable manufacturing elements (OME) that represent physical

objects and processes in digital dimensions (Shao et al., 2023). Standard defines 8 types of

OMEs by its 7 attributes that construct relations with other attributes in the system domains

providing us a framework for the digital twin. A detailed description of attributes for the OME

can be found in Table 2.1 below.

Table 2.1. Attributes description with standards

# of attribute Attribute Description Standard

1 Identifier Unique identity of OME ISO 8000-115

2 Characteristic General/Model feature of
OME

IEC 62264-2, ISO
13584-42, or IEC 61360

3 Schedule Time domain description
used for manufacturing
process/ Working hours

ISO 8601 series

4 Status Current state of OME For
instance: in process,

complete, tested

VDMA 24582

5 Location Location of OME ISO 6709, GPS

6 Report Task/processes completed by
OME

Quality information
framework, MTConnect

7 Relationship Link/Connection to other
OME

IEC 62264-2

One thing to mention is that solar power plants may not be considered traditional

manufacturing since no goods are produced, but all the operational elements, processes, and

constructions mainly come from manufacturing. In general view, ISO 23247 is a standard for
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creating digital twins and as its name (Automation Systems and Integration) states it is used for

the automation of systems.

After describing general principles, the “Reference Architecture” ISO 23247 series

introduces four main domains needed for building an architecture that can be seen in Table 2.2

Each domain has different functional entities that provide functionality within the system and

come as a user entity, core entity, data collection and control entity, cross-system entity, and

specific functional OME entities (Shao, 2021). ISO 23247 gives a reference model for the

functionality of digital twins which can be seen in Figure 2.6 below. The last third and fourth

parts of ISO 23247 rely on existing IEC 62264 -2 (Enterprise system integration) to get Digital

representation and information exchange and provide technical requirements (Shao, 2021).

Table 2.2. ISO 23247 Reference architecture domains

Domain Description

Observable manufacturing domain Describes operating environment and works
with system control and data gathering

Data collection and system control domain Connects OME to digital twin by adjustment

Core domain Manages digital twin

User domain Interacts with any DT application or service
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Figure 2.6. A functional reference model for the digital twin

The next step after reviewing the base for the development of the digital twin is exploring

architectures for implementation in solar power plants. All existing literature does not specify

what equipment to use and directs users to refer to international standards. However, Gourisetti

et al. (2023) in their paper imply its framework called the digital twin architecture stack

(D-Arch) that gives insight into the real implementation of the digital twin. The authors aim to

provide a structural approach for designing digital twins in the energy sector by providing

additional depth and specificity to the existing foundation of international standards.

D-Arch technology stack is categorized into physical and digital dimensions that consist

of six horizontal layers and interlayer vertical connections. D-Arch covers all the domains

previously discussed with the same functional entities in more detailed categorization as can be

seen in Figure 2.7. In the physical layer, we have infrastructure and peripheral layers. They

correspond to infrastructure and physical systems and devices. This also includes environmental

and operational entities such as interactions with the physical system, and built-in/external data

acquisition systems with sensors and actuators. For the acquisition systems as part of the

peripheral layer, different systems such as Volttron, Cymbiote and SerialTap can be

used(Gourisetti, 2023). However, the adaptation of such technologies is difficult due to the low

level of compatibility between systems and sensors/equipment at the infrastructure level.

16



The next four layers correspond to the digital dimension or data orchestration level that

has consecutive operations and data-driven processes. The communication layer is responsible

for the connection of physical systems with digital systems wired or wireless, ensuring that

connection protocols are provided for secure and continuous exchange of information. The

model layer consequently takes data from the physical layer and transforms it into digital. The

end product from the layer is the transformation of data into the observable digital model by the

use of software with precise digital representation. Modeling provides real-time monitoring and

reactive maintenance by visualized data and digital twin system analysis. The output layer

provides testing and validation of composed representations to avoid erroneous data and

conclusions(Gourisetti, 2023). The application layer is mainly composed of data-driven actions

by AI/ML for further applications. Layers combined lead to a digital twin that can interact with

the user and user applications.

Figure 2.7. D-Arc technology stack

2.6 Research Gap Analysis
The research gap analysis was conducted to evaluate the current level of digital twin

development in the renewable energy industry in Kazakhstan. The analysis revealed that there is

little information regarding the DT technology and its application in Kazakhstan’s solar power
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plants. In addition, research gap analysis helped to point out specific areas to focus on for DT

development.

● Existing literature shows a lack of research in the field of digital twin solutions in solar

power plants in Kazakhstan. Limited research on the development of DT for solar energy

has been carried out in different parts of the world, but it is focused on small-scale solar

power plants. This situation creates a significant gap as the equipment, data transmission

and operating procedures at large solar power plants vary significantly. In addition, the

environmental conditions and competencies of the company are also different from

existing solutions and cannot be directly applied in Kazakhstan.

● Due to the difference in solar power plant scale and operating environment, the existing

literature does not provide information on the operational processes of Kazakhstan’s solar

power plants. Such information is crucial since it provides a foundation for future digital

twin platform applications. The plant’s facilities, scale, equipment and hardware are

essential components for digital twin. Without a comprehensive understanding of various

plant processes, it is challenging to develop effective digital twin models tailored to the

local context.

● One of the most critical gaps identified is the lack of a digital twin implementation

framework and roadmap in Kazakhstan. The absence of clear guidance and procedures

for developing digital twin solutions complicates the planning and implementation of

such solutions in Kazakhstan's renewable energy industry. This lack of structured

direction hampers efforts to enhance operational efficiency, optimize overall plant

performance, and utilize advanced technologies for improving maintenance practices.

In conclusion, research gap analysis suggests a comprehensive analysis of Kazakhstani solar

plants. Explore the facilities and operations of big-scale solar plants for effective integration with

digital twin solutions. In addition, a detailed framework with essential components of DT should

be prepared to fill the existing gaps.
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CHAPTER 3: RESEARCHMETHODOLOGY

3.1 Introduction
This project uses a real operating facility to create a Digital Twin framework for a 50MW

solar power plant. The goal is to build a fundamental framework that can be beneficial as an

innovative tool for the renewable energy sector of Kazakhstan. To achieve this goal, concurrent

mixed-method research has been conducted with deep analytical methods. The project consists

of four distinct phases commencing with Phase One: Project Initiation and Planning, followed by

Phase Two: Research and Data Acquisition, then progressing to Phase Three: Framework and

Prototype Development and concluding with Phase Four: Expert Validation and Project Closure.

The adopted methodology is illustrated in Figure 3.1

Figure 3.1 Methodology of the Project
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3.2 Project Development Phases
Phase 1. Initiation and Planning

Project initiation and planning are the initial stages where the preliminary aim, objectives,

and project scope are identified. In addition, after the topic selection and identification of the

research area, negotiations with the TGS company were initiated to gather company

requirements. Through meetings with company representatives, the direction of the project was

identified to benefit both parties, and a non-disclosure agreement (NDA) was signed. After that

consultation with a capstone supervisor was held to identify deliverables and establish the

project’s final aim and objectives. Moreover, after document analysis, a preliminary literature

review and several meetings were held to identify team members' capabilities and narrow the

scope to achieve the best possible results. Based on these findings a Client Brief was prepared to

get the approval from the company and the capstone supervisor. At this point of phase one initial

objective of the project was successfully achieved.

Phase 2. Research and Data Acquisition

The second phase of research is focused on conducting a comprehensive literature review

and obtaining the company's internal documentation. The literature review provides data

regarding the industry trends and common standards for DT implementation in the renewable

energy sector. Meanwhile, to understand the TGS operation and solar power plant characteristics,

the company delivered several packages of internal documents required for plant analysis. Plant

analysis is done to investigate the operational processes, data transfer, and plant infrastructure.

This gives an overview of interactions and correlations between the physical grid system and its

counterparts. Instantaneously, data flow from plant analysis and literature review is set to reach

validation and verification. This helps to assess the fitting level of the theoretical approach and

construct a fact base for the further development of the digital twin framework.

Phase 3. Framework and Prototype Development

Phase Three is a crucial stage of the project where the main output is generated. The

synthesis of previous stages provided detailed information regarding the components and

sequences of DT for solar power plants. Alongside analysis and adoption of acquired documents,

the DT architecture was prepared to become a foundation for the framework. The framework
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development was based on the detailed analysis of data models, data transfer from the plant’s

equipment, available infrastructure and company competencies. As a result of this work, the

framework for digital twin development for solar power plants in Kazakhstan has been

meticulously prepared. This framework integrates all stages of DT development with detailed

information on the technologies and data involved.

Consequently, based on the proposed framework the prototype development was

initiated. The TGS company already had a platform that was integrated with the SCADA system.

Such a foundation helped to use the existing web platform to develop the DT prototype. The

prototype includes the 2D plant representation and contains information regarding the crucial

equipment such as inverters, combiner boxes, PV panels, and sensors and provides the exact

location. Such an approach helped to mimic the real solar power plant on the screen and

integration with the company’s server provides real-time information from each component.

After that, testing and debugging were conducted to ensure stable work of the prototype.

Phase 4. Expert Validation and Project Closure

The final stage of the project was to validate the framework and prototype through expert

judgment and stakeholder assessment. During the whole project, constant meetings and

presentations were done to reveal progress and obtain valuable feedback from both industrial and

capstone supervisors. The last stage of the project was the preparation of all deliverables and the

submission of the capstone report.
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CHAPTER 4: ANALYSIS OF THE CURRENT PRACTICES AT

TGS COMPANY

4.1 Introduction
In this chapter, a comprehensive analysis of the operational processes, infrastructure of

the plant, communication structure, and data organization is presented. To develop a properly

functioning Digital Twin the analysis of the infrastructure of the plant should be performed. It is

more convenient to apply the individual approach for each of the plants in terms of infrastructure

and communication. The reason is that each solar or wind power plant project could have

different design solutions and decisions for the choice of the equipment, the layout of the

equipment, the communication between the components, the data structure and the software

used. After getting a holistic and detailed understanding of the power plant operations and

software the preparation of a framework for this power plant is to be performed.

4.2 Company Overview
TechnoGroupService LLP is a domestic engineering group operating under the TGS

brand, dedicated to implementing projects in the field of renewable energy sources (RES) using

adaptive innovative solutions and maximizing domestic content.

The group of companies includes:

● TechnoGroupService LLP - the construction and installation division.

● Center for Green Technologies LLP - guaranteed energy supply and energy forecasting.

The company specializes in designing facilities powered by renewable energy sources of

various capacities and types, including hybrid solutions. During the project stage, the company

offers its clients solutions for optimizing both capital and operational expenditures. Services

include project exploration, conceptual design, project documentation, working documentation,

cost estimates, and author's supervision. The company has engineered proprietary load-bearing

metal structures for photovoltaic modules and established their production.
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Figure 4.1 TGS Company’s Goals Board

According to the description of goals and vision in Figure 4.1, the company has clear

ambitions to develop the Renewable energy sector of Kazakhstan by innovating, integrating and

building strong competence. The company provides a wide range of services and strives for

innovation leadership. TGS-energy puts strong emphasis and effort on IT direction to develop IT

solutions for the renewable energy sector of Kazakhstan.

4.3 50 MW Solar Power Plant Analysis

4.3.1 50 MW Power Plant General Characteristics

The framework and implementation were performed on a 50 MW Solar Power Plant

located in the Balkhash region. The key characteristics of the plant are represented in Table 4.1

Table 4.1 Characteristics of Power Plant
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Characteristics Description

Total power of the plant 50 MW

Latitude 46.941222

Longitude 75.001417

PV module Si-mono model JKM525M-72HL4-TV

PV module power 525Wp

Number of PV modules 94 150 pcs.



In Figure 4.2 we can see the predicted energy output of the plant for the whole year with

estimated collection losses and system losses. It is observed that during the winter season, there

are minimal losses both from the system and collection sides. However, during the summer and

spring seasons, the losses are at the maximum. A better understanding of these losses and their

root causes could be achieved by using a digital twin technology for gathering and processing

real-time data from the plant and analyzing historical data conveniently.

Figure 4.2 Predicted Energy Output of a Plant by Month

4.3.2 Infrastructural Layer Analysis

After a thorough analysis of the operations of this plant, we developed the following

conceptual diagram that represents the key processes of the plant. The organization of the plant is

a complex task due to the necessity to properly arrange 100,000 panels and achieve an efficient

flow of electricity across the components. Figure 4.3 displays the key physical components of the

plant, including PV modules, Combiner Boxes, Blocks, Inverters, Modules, Transformers, a
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Configuration of the PV modules in series (25 modules)

Total number of Blocks 8

Inverter model SG3125HV-20 a power of 3.125 MVA

The rated power of the transformer in the block 6.250 MVA

Annual electricity production 83 million kWh

Number of employees 28



Substation, and a Block-Module Building. Overall, this diagram is a top-level representation of

the plant operations that includes only the key components and electricity flow without any

details about the electrical and electronic components and data flow. Two main entities flow

across the components: electricity and information (data). During the analysis, it was found that

the organization of the communication between components in terms of data flow significantly

differs from the structure of the plant in terms of electricity flow. Taking this into consideration

the data model and communication scheme of the plant are developed separately and will be

described later. In Figure 4.3 the focus is established on the electricity flow across the

components.

The electricity generation starts on the surface of PV modules, where the sun energy or

irradiation is converted into electrical direct current (DC). The current flows from the modules

into combiner boxes. These boxes serve as structural nodes that accumulate and centralize the

electricity coming from PV panels. Each box can accumulate around 1200 PV panels.

Consequently, the electricity is transferred to the Blocks. Block is a key component of the plant

since the inverters and other equipment are located inside it. The inverters convert the DC

voltage into AC voltage. Each inverter has 2 modules that help to accumulate the electricity

coming from a large number of combiner boxes. There are 8 main blocks on the plant and each

one demonstrates different behavior since these structures could be considered as individual solar

power plants. From the blocks, the electricity is delivered to the transformers where the voltage

is increased to be transmitted to the grid and reduce the losses. Increasing the voltage is a

common practice and method to transmit electricity for long distances without substantial losses

in the cables. Finally, the current is delivered to the substation where it is transmitted to the

national grid. This conceptual representation gives a preliminary and holistic understanding and

vision of how the 50 MW plant operates and what are the key processes.
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Figure 4.3 Operation Diagram of a 50 MW Solar Plant

Apart from the conceptual representation, the topology of the organization of key

components (the layout) is represented in Figure 4.4 below which represents exactly how the

panels, combiner boxes and blocks are connected. It was found that each set of 50 panels is

organized on the table or string. Each combiner box is connected to 12 tables or 600 PV panels.

However, that is not always the case and some combiner boxes have less number of connected

tables. As it can be seen from the scheme Block 1 accumulates 21 combiner boxes but some

blocks have up to 24 combiner boxes. High-density polyethylene with a 40 mm diameter is used

for covering the electrical cables inside since the cables are put under the ground.
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Figure 4.4 Executive scheme of laying HDPE pipe

4.3.3 Communication Layer Analysis

Organization of communication on the plant

In this section, the analysis of the data flow on the plant is presented to provide a full

picture and understanding of how the data is transmitted across the elements of the plant. There

are 2 main dimensions to be discussed in this section: hardware (equipment) and software. The

communication consists of the electronic components, cables, and physical components along

with the software that reads, processes, and interprets the signals and data from the equipment.

The analysis starts with the top-level description of the communication structure followed by a

detailed and narrow description of the communication.

Figure 4.5 reveals the layout of fiber optic cable connections between the blocks. It is

observed that the connection of the blocks is linear, starting from Block 1 and ending with Block

2. There is a separate connection between the module building and a substation. An important

detail of the scheme is a description of the IP addresses of different components. Each block has

its own IP address and inside the blocks, each of 2 inverters has its own IP address. This means

that the data is gathered from each inverter separately. There is a unique IP address, named
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“meteo” that represents the data from the meteorological station, which will be described in the

following section. Most probably the meteorological station is located on block 1 and there is

only one such meteorological station on the whole station, which means the meteorological data

will be generated only from 1 point. This could also be a serious limitation of the digital twin

since the area of the station that should be covered is substantial and one meteorological station

will not cover the whole area of the station.

Figure 4.5 Executive scheme No. 3 laying fiber optic cable-8-G.652D-2.7KN

Apart from the physical configuration of the optical cable connection between the blocks,

the important element of the station is the structure of the 2 main systems: Engineering Systems

Monitoring System and Monitoring & Control System (MCS). These are specialized systems for

monitoring and controlling the state of the plant and its key components. There are specialized

standards that should be met to provide all the necessary functionality and safety on the plant and

28



these systems are not exceptions. In Figure 4.6 below there is a detailed communication structure

of a 50MW solar power plant.

Figure 4.6 Communication Structure

The communication structure consists of 4 principal components: Dispatcher Room,

General Substation Control Room, Distribution Device, and Voltage transformer Cabinet. The

interactions between these components and elements inside the components are quite

complicated since the data flow is not linear. Physically, several components are located in the

same physical space but have completely different functions.

The flow of data could be described as bottom-up starting from the bottom layer. This

component is the Voltage Transformer Cabinet. Inside the cabinet, a series of Transducers

7KG9000 are located. These digital metering transducers convert the physical measurements
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from the measuring devices into digital signals that are transmitted and processed further. The

signals from transducers are transmitted to the COM server to be further processed.

The second component of the scheme is a distribution device. Inside the distribution

device, several relay protection terminals are located. The function of these terminals is to

facilitate the connection of sensor inputs, such as current and voltage transformers, to the

protection relay. The terminal collects these signals, allowing the relay to monitor electrical

parameters and detect faults. Protection relay terminals are an indispensable component to ensure

the safe operation of the system.

The third component is the General Substation Control Room. This Room has several

sections: SCADA Cabinet, Installed Equipment, and Profibus RMS. PROFIBUS (Process Field

Bus) is a standard for fieldbus communication in automation technology, allowing the integration

of a wide range of devices such as sensors, actuators, and controllers across different

manufacturers and systems. It was developed and promoted by BMBF (German Department of

Education and Research) and adopted by Siemens. Profibus is one of the advanced standards in

data communication due to such advantages as high interoperability, real-time communication,

flexibility and adoption for maintenance and diagnosis. As it is observed, the communication on

a 50 MW plant is done using the Profibus, which indicates the advanced level of communication

and highly standardized approach. According to Profibus, there are terminals from Siprotec

Siemens used on the plant for further control and processing of the signals from the metering

devices and other equipment. Finally, the SCADA cabinet hosts all the receiving equipment,

such as controllers and COM servers. The COM servers receive signals from the Voltage

Transformer Cabinet and Distribution Device. The PROFIBUS Optical Link Module (OLM)

G12 V4.0 is a module from the PROFIBUS family that receives signals from the Siprotec

Terminals. As it is observed the Profibus standards are well sustained by using the Profibus

equipment and protocols to achieve high quality of communication.

The final and most straightforward component is a dispatcher room. Here the Automated

Workplace of SCADA is located. The graphical interface of SCADA and control equipment that

operators use to monitor and control the operation of the plant is located in the dispatcher's room.

This is an output point of the whole system where the data from the controllers and COM servers

are received to be displayed and applied by human operators.
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Overall, the architecture of the communication system and all the equipment used follow

advanced Profibus and IEC 60870-5-103 standards that imply high speed, reliable, real-time

communication with smart options and advanced analytics capabilities.

4.3.4 Database Structure

In this section, the description of the data, including all the transferred parameters and

their characteristics is presented. In the previous sections, the analysis of “how” the data are

organized and transferred was conducted. In this section, the analysis of “what” to be transferred

is performed.

There were several key overarching requirements for a database to successfully develop a

digital twin. The first requirement for a database is the operability of a large number of

parameters. It was decided that for the digital twin project and possible future projects, it is more

visionary to get the most possible number of parameters. From the power plant, it is possible to

retrieve 6125 parameters. Such several parameters are quite hard to handle since each parameter

has its archivation period (from several seconds to 10-15 minutes). Another constraint of

building a database is the relationships between parameters: some parameters are child

parameters and others are parents, which means some parameters will be parts of other ones. For

instance, each inverter has the parameters that represent modules and each module consists of

combiner boxes that also have their unique parameters.

Taking all the above into consideration, there were 2 possible structures of the database

for the project.

Structure #1

The difference in both structures is the way how to define an index (a leading column).

For the first database, the ID (unique identifier) of each parameter is set as the index. In this case,

all 6125 parameters are represented by their unique ID. However, each ID will have a large

number of timestamps related to this particular ID. The issue with this structure is that the

timestamps for the parameters will not be uniform and the same for the parameters due to

differences in archivation periods and the volume (size) of the database will be substantial due to

frequent database updates according to the timestamps.
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Structure #2

The second proposal for a database is setting the timestamp column as an index. In this

scenario, all the parameters will be processed according to the timestamp. This means that the

timestamps will become unique and the same for all the parameters. The difficulty of this method

of database setting is finding the uniform archivation period for all the parameters, which will

inevitably lead to empty (NULL) spaces in the database since some parameters will have larger

archivation periods than others. Such a structure will occupy less space and volume and be easy

to use in Machine Learning Applications and production analytics. Having a timestamp as an

index makes it more convenient to analyze the dynamic performance of different parameters and

compare them across time.

However, after analyzing both structures and discovering additional options a new

solution for a database structure was developed. It was decided that for the digital twin purposes,

a more winnable approach would be a synergy of both Structures 1 and 2. The structure of the

database will resemble Structure 1, where the ID is set as an index (leading column) but the

archivation period for all variables will be 1 minute. This means that all the IDs will be updated

with a frequency of 1 minute. If some of the parameters should be updated less frequently, the

database will use the previous value until the new value is updated. Such an approach will add

uniformity and a high frequency of archivation for all parameters while sustaining unique IDs for

the parameters. To execute the chosen structure the database will have 3 main tables: trends,

variables, and messages. A “Trends” table represents the actual values of the parameters (see

Appendix B). The columns of the table are ID, Timestamp, Value, and Quality of Code. The last

column shows how good the received value of the parameter is and whether there is any issue

with this value.

The second table “Variables” acts as a definer or acronym table, which shows what is the

meaning of each ID and which parameter this ID represents (see Appendix B). The columns are

the ID, the corresponding name of the parameter, the description of the parameter, and 2

additional columns latitude and longitude. The purpose of these columns will be explained later.

The last table “Messages” demonstrates the messages to be sent using the database. The columns

in this table are the text of the message, the timestamp of other operational columns, which will

be described later (see Appendix B). The general purpose of this table is to send different

messages to the operator or engineer in case of emergency for reactive maintenance practices.
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As it was mentioned above there are 2 additional columns in the variables table: latitude

and longitude. The primary application of the digital twin is real-time monitoring of the solar

power plant. It was decided to use a 2D visualization of the solar power plant (top view), where

all the components are located in the exact positions as in the real solar power plant. To mimic

the positions of all the components on the digital 2D visualization it was decided to use the exact

coordinates of all components on the real power plant. This approach will make it possible to

achieve the highest accuracy in locating the components on the 2D scheme of the plant. Google

Maps presented in Figure 4.7 was used to find the coordinates (latitude and longitude) as it has

sufficient resolution and updated images of the plant.

Figure 4.7 Top view of Balkhash Solar Power Plant

Summarizing 50 MW solar power plant analysis we reviewed overall characteristics,

infrastructural layer, communication layer, and database structure. Using operational diagrams

and connection structure the data structure model has been depicted in Figure 4.8. It simplifies

the overall understanding and represents critical elements/hardware and their connections.

Mainly, it connects operational elements such as panels, solar control units, combiner boxes, and

transformers with communicational elements such as dispatcher rooms, general substation

control rooms, distribution devices, and voltage transformer cabinets. Also, it explains how data
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occurs on cloud-based servers. Consequently, Figure 4.8 is a middle-out approach combining

both bottom-up and top-down reviews of a 50 MW solar power plant. Accordingly, the data

structure model has been used in the next steps of the development of the digital twin

framework.

Figure 4.8 Data Structure Model

34



CHAPTER 5: FRAMEWORK DEVELOPMENT

5.1 Introduction
This chapter presents the developed detailed comprehensive framework for implementing

Digital Twin in Solar Power Plants in Kazakhstan. The proposed framework would be utilized

for the implementation of DT in a 50 MW Solar Power Plant near the Balkhash region. The

framework was developed following the findings from the literature review and the analysis of

the operational practices of a 50 MW Solar Power Plant. The synergy of these 2 domains

(practical and theoretical) will help to achieve a balance between integrating experience from

other research works and adapting to the realities of the Renewable Energy Sector in Kazakhstan.

The framework covers all the principal layers of the proposed architecture with a detailed

description of each of the layers, including the modeling and application layers and presents the

wide range of DT utilization ways for divergent purposes.

5.2 Digital Twin Framework
The components of a Digital Twin for a Solar Power Plant are as follows:

A solar power plant's digital twin is a complicated system made up of multiple essential parts,

each of which has a digital version that precisely replicates its behavior and physical attributes.

Together, these linked parts allow for precise forecasts and simulations.

Solar panels are the first component that will be discussed. In terms of size, direction,

and efficiency, a solar panel's digital twin is an exact copy of its physical form. Additionally, it

incorporates solar intensity and angle of incidence into its simulations of behavior under diverse

meteorological conditions. This makes it possible to forecast the panel's power output with

accuracy at any given time.

Next come the inverters, which convert the direct current (DC) generated by the solar

panels into alternating current (AC) that can be fed into the grid or stored in batteries. An

inverter's digital twin models how well it works and how reliable it is, taking into account things

like temperature and load. This makes it possible to make predictions about how well the inverter

will work and find potential problems before they get worse.

The digital twin also incorporates the representation of the grid connection. This

comprises the electrical lines, transformers, and other infrastructure used to link the solar power
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plant to the grid. This infrastructure's electrical flow is simulated by the digital twin, which

accounts for load, losses, and grid stability. As a result, the power output may be efficiently

managed, guaranteeing a steady and dependable supply of electricity. The digital twin will not

cover the grid connection in this paper.

Weather data plays a crucial role in the digital twin. This contains information on

temperature, wind speed, sunshine intensity, and other relevant variables. These data are used by

the digital twin to model how the solar power plant operates in different weather scenarios. This

makes it possible to anticipate the plant's power output with accuracy and facilitates planning for

times when there is less sunlight.

In summary, every element of the digital twin is essential to replicating the features and

actions of its real-world power plant. Together, they make it possible for the digital twin to

provide precise simulations and forecasts, which facilitates the solar power plant's effective

management and operation. This demonstrates the enormous potential that digital twins have in

the field of renewable energy.

Figure 5.1. Framework for Digital Twin
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5.2.1 Interactions between the Physical Plant and the Digital Twin

The fundamental element of the digital twin technology is the dynamic, bidirectional

interaction between the actual solar power plant and its digital twin. A network of sensors

integrated into the physical plant, in addition to sophisticated algorithms operating on the digital

counterpart, facilitates this interaction.

This contact begins with data being transferred from the physical plant to the digital twin.

The solar power plant's numerous components are equipped with sensors that are used to

continuously monitor several factors mentioned in the previous part. The digital twin receives

this data in real-time, generating a dynamic representation of the real plant in the virtual

environment. The smart loggers collect information from the equipment and send it to the local

network attached storage. Then data goes to the SCADA and ASCEM servers to be visualized in

the operator room. In parallel, the data obtained from the solar power plant is transferred to the

cloud database, called “LLP TechnoGroupService”, for further processing. To guarantee that it

appropriately depicts the actual state of the physical plant, the digital twin updates its internal

models and simulations using this data regularly.

The second phase of the interaction is the transfer of control commands from the digital

twin to the actual plant. The digital twin can create control commands for many components of

the physical plant using its simulations and forecasts. For instance, it might modify the solar

panels' orientation to maximize solar absorption or control the battery's charge and discharge

cycles to extend its life. In the physical plant, these control orders are carried out by actuators

after being transmitted back. As a result, the performance and efficiency of the solar power plant

can be optimized by the digital twin through proactive management of its operations. In this

paper, this approach will not be covered as there are no actuators in the field.

The contact between the real plant and its digital twin is continuous, rather than one-time.

The digital twin receives new data generated by the physical plant as it functions and changes. In

response, the digital twin creates new control commands and updates its simulations. With time,

the digital twin's models and forecasts will improve as a result of this ongoing feedback loop,

which lets it learn from how the physical plant operates.

37



5.2.2 Model Layer

According to the proposed framework the modeling layer is used to visualize the data and

model the application scenarios in a user-friendly way with high user interaction. The modeling

layer is an environment for real-time monitoring and reactive maintenance. The modeling layer

is also used for analytics to display the graphs, figures and tables for hot analytics. The

non-direct application of a modeling layer is energy forecasting and predictive maintenance since

these applications do not require visualization options and frontend functionality. To realize the

modeling layer that will meet all the requirements for the digital twin there are several solutions

to be employed.

The first solution is developing a Web Platform from scratch. The backend choice could

be pretty straightforward since the proposed structure of the database provides space for

flexibility and operability. However, the frontend development could be challenging since the

modeling requires 2D visualization of the plant or geospatial data of the plant for convenient

representation. To develop such microservices there could be different alternatives in terms of

libraries to be used or general approaches to the visualization of the plant. Integration of

geospatial data could be an easier way compared to the 2D visualization (scheme of the plant).

The front end would also include analytics, which means the development of the graphs, tables,

and key metrics for the plant's performance.

Another solution would be using open-source software, such as Azure Digital Twin as a

SaaS (Software as a Service). This platform provides a ready-to-use fundament for applying

digital twin solutions. However, the functionality and flexibility of such a solution could be

limited to the capabilities of the platform. Additionally, the expertise to use these platforms could

also be an obstacle.

The Mixed Reality (MR) application is developed using the Unity game engine, a

powerful tool visualizing the solar power plant model in 3D. Additionally, the different tools of

Microsoft Azure are used for data transfer. The data pipeline for the HoloLens application starts

with cloud storage, which is subsequently sent to Azure IoT Hub for safe cloud connection.

Azure Event Grid receives the incoming data and coordinates its flow, causing Azure Functions

to begin processing. These functions are capable of carrying out a wide range of tasks, including

data analysis and action triggers based on incoming information. Next, Azure Digital Twins uses

the processing data to build a digital copy of the real world, which makes immersive experiences
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possible. Azure SignalR enables real-time communication between the HoloLens and other

clients or backend services for seamless updates and notifications. This integrated flow makes

sure that the HoloLens application is always responsive, flexible, and able to provide users with

rich, contextual experiences in real-time.

5.2.3 Application Layer

Hot Analytics

Real-time monitoring

The application layer of a DT includes the software, various algorithms, and analytics

that use data collected from the physical plant. Combining and analyzing the data collected

provides a comprehensive understanding of the plant's operation and may be applied to more

complex analyses like predictive maintenance and power generation forecasting.. One of the

main applications of DT is to evaluate performance in real-time due to the continuous flow of

information from sensors and IoT devices located throughout the plant. Real-time monitoring,

taking into account the landscape and plant scale, helps control the key parameters of each

equipment and obtain information about the operating status of energy production. Moreover, DT

empowers high data granularity that helps to obtain information from each panel, hence

comprehensive monitoring and analysis of each element of the system became possible. Any

deviations and anomalies in certain PV panels can be easily detected, hence facilitating reactive

and proactive maintenance. Such an immediate approach positively affects the overall plant’s

performance as a significant decrease in downtime can be achieved.

Reactive maintenance

Reactive maintenance in the context of the DT framework involves addressing the plant’s

component failure or any issue after its occurrence. The biggest challenge at the current time is

the huge plant scale that complicates failure identification and requires a thorough inspection of

each component separately. Such an approach increases maintenance time and leads to long

downtime. The DT approach facilitates reactive maintenance by providing instant data and

equipment status indicating specific points of failure within the system. For instance, if a certain

string experiences some voltage and current fluctuations the DT can alert operators to the

problem, and an urgent maintenance crew can be dispatched to the specific failure point and

diagnose the issue. In addition, DT offers access to extensive historical data that can be used to
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analyze past failures and develop preventive strategies based on past maintenance activities.

Reactive maintenance can be used as a primary tool for the analysis and introduction of DT for

plant personnel.

Cold Analytics

Predictive maintenance

Predictive maintenance is an important part of the digital twin system for solar power

plants. It saves money and makes operations more efficient. In contrast to reactive maintenance,

predictive maintenance uses machine learning algorithms and data analytics to forecast and

prevent equipment failures before their occurrence. Solar power plants use predictive

maintenance to monitor equipment state and parameters like temperature, voltage, and current to

identify any issues and predict possible failures.

Predictive maintenance reduces energy production downtime. By the use of historical

data and equipment behavior, predictive maintenance algorithms can detect possible problems,

and provide operators insights regarding the maintenance. Such a proactive method prevents

unwilling downtime and keeps the solar power plant running, increasing energy generation,

operational efficiency, and profitability. Maintenance activities can be prioritized based on asset

conditions rather than timetables to maximize resource allocation and eliminate superfluous

chores. Maintaining equipment only when needed minimizes labor and material expenses and

increases its lifespan.

Predictive maintenance in the digital twin framework requires advanced data analytics

and machine learning capabilities. Operators must collect and analyze vast amounts of data from

inverters, transformers, and weather stations. Finally, machine learning algorithms analyze data

patterns and trends to design and construct prediction models.​​

Artificial Intelligence

AI systems can optimize many plant activities by analyzing massive volumes of data

gathered from sensors, weather forecasts, previous performance records, and other sources. ML

algorithms can predict energy-generating patterns based on weather forecasts and historical data,

allowing operators to optimize plant operations for energy output and grid integration.

There are a few different ways that can be used for AI integration into the digital twin

application layer. One typical method is to create ML models that continuously learn and adjust

based on real-time data gathered from the solar plant. These models can identify irregularities,
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forecast malfunctions in machinery, and enhance efficiency by adapting to fluctuating

environmental circumstances. Another option is to integrate AI algorithms into monitoring and

control systems to automate decision-making such as panel layout adjustments and energy

storage system management based on demand.

Integration of AI into the digital twin framework promises several benefits, but there are

obstacles to overcome. Reliable and accurate sensors and monitoring data are essential for

AI-driven applications. When it comes to training and validating AI models, one of the most

significant obstacles is the availability and quality of the data that is necessary. Artificial

intelligence in plant management may raise regulatory and privacy problems, especially when

collecting and processing sensitive data, as the energy sector is a strategically important

infrastructure.

Additional Functionality

Aerial Imagery

Digital Twin allows the integration of different tools and the integration of drones and

cameras of different spectrums is no exception. Aerial imagery can be a powerful tool for

reactive and predictive maintenance as it provides a wide range of data from the identification of

dirt or vegetation on the panels to the locating hotspots that severely affect PV panel lifespan.

The incorporation of aerial imagery especially with drones flying around can assist the

maintenance crew by capturing any changes in plant equipment, identifying PV panel

contamination, and inspecting for potential defects or damages on solar panels. Apart from

maintenance, high-resolution cameras can be used to evaluate meteorological factors, cloud

cover and atmospheric conditions to predict power generation. For instance, based on cloud

coverage the tilt angle can be adjusted in advance and utilize its full potential to generate power.

Infrared camera inspection

The installation of cameras with thermal vision can greatly assist in detecting thermal

anomalies that cannot be visible to the naked eye. The solar power plant is exposed to external

and internal heating, such severe operating conditions can lead to the degradation of key

components. The utilization of infrared cameras provides an opportunity to detect thermal

anomalies, overheating, loose connection, or faulty cells and identify any areas of concern that

seriously affect the lifespan of the equipment. Integration of thermal cameras to a digital twin

system enhances monitoring and maintenance capabilities due to real-time insights. Captured
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infrared images then can be processed by AI and compared against historical pictures and

performance benchmarks to identify certain correlations and plan future maintenance activities.

5.4 Justification for the Design Choices in the Framework

The suggested framework for a digital twin of a solar power plant is designed to

maximize three critical attributes: accuracy, adaptability, and scalability. Each of these features is

very important to how well and how often the digital twin works.

The accuracy of a digital twin ensures that the virtual model matches reality. To achieve

great accuracy, an advanced real-time data transmission mechanism is used to mimic every solar

plant component. This allows the digital twin to correctly depict the actual plant's current state,

and the data can be used for making predictions.

Flexibility is another essential quality that lets the digital twin adapt to changes in the

physical plant or its operating environment. The suggested framework can be easily changed

because it is made up of separate modules. The digital twin architecture allows its layers to

function either separately or in tandem. This system's built-in flexibility makes it easy to make

changes and updates. For example, only the digital twin of the solar panel needs to be updated if

a new kind of solar panel is installed in the physical plant; the rest of the framework stays the

same.

Scalability is the third important attribute. It lets the digital twin handle more complex

and large solar power plants. With its distributed architecture and efficient data management

mechanisms, the proposed framework can easily handle large datasets. The suggested

architecture stores field data in the cloud database and distributes the computational load across

several processors or servers to handle large data volumes and complex simulations. The digital

twin's efficient data management system allows it to store and interpret large volumes of sensor

data from the physical plant without seeing a drop in performance.

In summary, the proposed framework for the digital twin has the precision, adaptability,

scalability, real-time responsiveness, and prediction accuracy of the digital twin. These

characteristics make the proposed framework an efficient tool for monitoring and optimizing the

performance of solar power plants.
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CHAPTER 6: IMPLEMENTATION OF DT AND

PROTOTYPE DEVELOPMENT

6.1 Introduction
After developing the framework for implementing Digital Twins at solar power plants,

the next logical step is to translate all the insights at an operating 50 MW solar power plant in the

Balkhash region. To test the quality of the proposed framework and apply all the developed

architecture in real-life conditions the prototype of DT with real-time data transfer was

developed for a 50 MW power plant.

6.2 Digital Twin Implementation Process Flow
Integration of digital twins into existing solar power plants consists of several major

stages and should follow a certain sequence to successfully iterate all the aspects into one

working system. Therefore, during this project, the digital twin implementation process flow has

been created to outline important stages with specific tasks to accomplish. In addition, the

estimated time for each stage was identified based on the company’s experience and

competencies. Figure 6.1 shows the detailed digital twin creation process consisting of 11 major

stages from initiation to evaluation and future scalability stages.

After initiation, the project preparation phase begins with negotiations with TGS

Company to set the objective and define the scope of the desired project. The duration of this

phase is estimated to be 3 weeks as some time is needed to conduct a preliminary literature

review and assess the company’s capability. This phase is followed by the Infrastructure Audit

and Data Collection and Analysis phases which are performed simultaneously. The Infrastructure

Audit phase evaluates key plant components, analyzes equipment and communication structures

to obtain detailed information for further integration with digital twin platforms. Since all

documentation is held within the company this stage’s duration is estimated at 2 weeks.

Meanwhile, the Data Collection and Analysis phase focuses on the assessment of current data

collection processes and investigation requirements for digital twin integration. In addition, due

to rapid technological advancement in this sphere, it is essential to update information regarding

the sensors and IoT devices. Therefore, after analyzing all the requirements for data

communication and its components, an improvement plan is provided as necessary.
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The next stages Risk Assessment & Mitigation Planning mainly focus on risk

identification and developing mitigation strategies, meanwhile, Regulatory & Standards

Compliance ensures the alignment with standards and regulations of the energy sector of

Kazakhstan. The subsequent phase is Technical Requirements and Design which consists of

sub-stages such as System Architecture Design, Sensors and IoT Integration Plan and Software

and Platform Selection. This phase builds a foundation for future digital twin models as the DT

architecture design, critical parameters identification, sensor deployment and DT platform

evaluation are performed.

After this, the Development and Testing phase continues the progress of the project.

Sub-stages of this phase include digital twin development consisting of backend development for

the web platform, database integration and frontend development that provides DATA

visualization. The developed platform then goes through prototype testing and improvement after

receiving feedback. One of the final phases is Implementation and Integration where the DT

platform is deployed and integrated with existing plant facilities and control platforms. After a

successful deployment of the platform, the DT can be used for real-time monitoring of the plant’s

operations, and provide valuable data for reactive maintenance by observing any anomalies in

the power generation. To improve the performance of DT the plant’s staff and operating

engineers should be familiarized and trained to use DT and evaluate its work for further

development.
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Figure 6.1 Digital Twin Implementation Process Flow
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6.3 UML Diagram
Following the D-Arch technology stack, the existing solar power plant system has been

taken apart and explained by the use of Unified Modelling Language (UML) (Gourisetti, 2023)

in simple ways. Section embarks an explanatory note on informational data flow and Digital

Twin Framework that lays as an essential requirement to start the development of the user

application layer.

The Unified Modeling Language (UML) Class diagram standard served as the model for

information flow and object model diagrams used in this section. Basically, in software

development processes, UML class diagrams are frequently utilized to display systems,

processes, and architectures. Since the digital twin is a composite technology with software and

equipment development, the UML class diagram can be useful for further explanatory processes.

Class diagrams can be used for the depiction of physical objects, buildings, and systems or

software-related objects (Gourisetti, 2023). Usually, rectangular figures in UML indicate

developing/maintaining objects in programming, but in this case, rectangles are used for

hardware parts, systems, and subsystems. Regularly class objects consist of 3 parts:

1. Building block/object name

2. Potential parameters and data types

3. Operations executed by block/object

Figure 6.2 has been produced to illustrate the (1) main infrastructure elements, (2)

peripheral elements as sensors and actuators, (3) communication layer objects, (4) systems for

visualization, (5) interactions within the system, and (6) systems and subsystems. UML is a

language for software developers to understand and explain how applications work. It implies

what the system needs to do before building the digital system. Therefore, UML is useful for the

deployment of system architecture and framework in further sections.

Following Figure 4.8 the physical dimension of the system has been constructed and

supplemented by a digital dimension that can be seen in Figure 6.1 Note: only critical physical

objects have been depicted. The system itself starts from solar panels that are connected to the

solar control unit on each existing 8 blocks. Also, each block has its own weather station to

gather the data.

The solar control unit collects electrical parameters, environmental factors, and possibly

other relevant data. Meteo stations, on the other hand, collect meteorological and environmental
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parameters. Parameters collected from the Solar Control unit and Meteorological station are

inherited by the combiner box whose primary function is to connect strings, measure parameters,

merge output current, and ensure overcurrent protection. Those collected data move further to

Logger 3000, or a data logger that monitors and manages the data coming from the combiner

box/photovoltaic system. All the data respectively spread to industrial communication systems or

MOXA that in sequence transform data to SCADA and other communication protocols. When

data can be found on cloud servers, the physical dimension is replaced by digital. There Azure

related applications are made and in parallel web applications could be developed.

Figure 6.2 D-Arc description for the case and UML sequence flow process using a transformer
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6.4 Web platform - Minimum Viable Product (Prototype)
One of the central components of the digital twin is a modeling layer. As it is highlighted

in the proposed architecture, on the modeling layer the visualization of the solar power plant for

real-time monitoring should be performed. Since TGS Energy has already developed its web

platform for the client to demonstrate the required analytics (production graphs, weather

parameters, key metrics) it was decided to add a module for real-time monitoring of the plant.

The current platform was written on Python Flask as a backend choice and React as a

frontend choice. The architecture of the platform is designed in a way that the microservices can

be easily integrated into the platform. However, a significant challenge is the database used in

the current platform and a database developed for a digital twin. These 2 databases are

completely different in structure, since the database for a Digital Twin employs the combined

Structures 1 and 2, while the database of the current platform is closer to the Structure 2 Type.

From the perspective of the front-end development adding a module of real-time

monitoring is a complex task compared to the backend development. On the front, the 2D

visualization of the plant along with positioning all the components on this visualization and

displaying the parameters of each component in a user-friendly way should be performed. For

the backend the integration of the services between the database and the frontend, the external

services (weather forecasts using API) and all the analytics demonstrated on the front should be

performed.

The architecture of the developed prototype is the following:

- FastAPI framework for backend development (microservices) written in Python

- PostgreSQL database for data storage and querying

- React with Google Maps API for frontend development

For the demo prototype development (MVP) the limited functionality and preliminary

design were performed. On the frontend side, the integration of Google Maps API for displaying

the top view of the power plant was carried out. On top of the map of the power plant around

185-200 unique data points were located. For the demo version of the prototype, it was decided

to include the data from the blocks and combiner boxes along with the meteorological data. The

data coming from each of the strings should be included in the fully functional platform during

the later stages of the development. At that point, the expected number of data points is around

7000. The figures below are screenshots of the demo version of the prototype. The prototype is a
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fully functional module with real-time (1-minute sampling period) data transfer from all the

combiner boxes and blocks of the power plant. In figure 6.3 the average readings of the whole

station (general statistics) are depicted. Some of the values are total sum values of the

components (In Figure 6.3 the updated meteo parameters are demonstrated. In Figure 6.4 the

information about Combiner Box #18 from the Block 4 Inverter 1 is displayed. All the presented

data is real generated data with a 1-minute update frequency.

Figure 6.3 The Prototype Demo for a 50 MW Solar Power Plant (Average Readings)
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Figure 6.4 The Prototype Demo for a 50 MW Solar Power Plant (Meteo Data)

Figure 6.5 The Prototype Demo for a 50 MW Solar Power Plant (Block 4 Combiner Box 20

Data)
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For the further development of the prototype, the following steps are planned:

1. Integration of the monitoring module into the existing web platform

2. Increase the number of data points to be displayed on the platform

3. Development of the microservices for an analytics module (production graphs, weather

parameters graphs, key metrics)

6.5 Prototype Validation and Stakeholders Feedback
Following the development of the prototype, the presentation of the demo version to the

stakeholders of the project was organized by the team. The stakeholders included the

representatives of TGS Energy and Nazarbayev University committee. The presentation

consisted of an overview of the prototype, the architecture choice (backend and frontend)

description and a product presentation. The gathered feedback will be used for incremental

improvements to the product in later development stages.

The expert’s feedback and proposed improvements were developed and depicted on Table 6.1.

Table 6.1. Experts’ validation and proposed improvements

Object

under

validation

Expert Expert’s

position

Feedback Improvement for the

project

Prototype Expert 1 Top

Manager of

TGS

Energy

The interface of the

real-time monitoring

module could be improved

to make it more attractive

Add general information

about the power plant’s

performance (total power)

on the dashboard without

pressing any buttons by

default

Prototype Expert 2 Engineer on

the plant

It is necessary to add

messages in different

scenarios and emergency

situations. The

functionality of the

Implement the

notifications based on

several key parameters

(total DC Power,

temperature of the oil) to

51



platform should be more

interactive with the end

user and provide various

assistance (alerts,

notifications, visual

representations) to help the

user to find out any issues

as soon as possible

timely notify the end user

about the potential issue.

Architecture

of the

Platform

Expert 3 IT specialist The architecture of the

platform should be flexible

enough to withstand the

adoption of more than one

power plant (scalability of

the product) since the

digital twin technology

could be implemented in

other power plants using

the same platform

The architecture of the

platform will consist of

many small microservices

each performing a

different function and

using different data.

Prototype Academic

Supervisor

1

Professor,

School of

Engineering

and Digital

Sciences

Not all the parameters are

translated to English and

Kazakh by design but it

would be more convenient

for international partners

and institutions to translate

all the parameters to

English and Kazakh

All parameters will be

translated into English

and Kazakh.

Prototype Academic

Supervisor

2

Professor,

School of

Engineering

Time variation parameters

should be added. The

current status of power

The status of the

combiner box (its color)

will be determined by
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and Digital

Sciences

generation can be depicted

by different colors.

comparing the value of

the total power of the

combiner box with the

average power output of

all combiner boxes

Prototype Academic

Supervisor

3

Professor,

School of

Engineering

and Digital

Sciences

All parameters should

have the corresponding

units in the description

All parameters will be

shown with

corresponding units. Also,

all parameters will have 4

decimal places after the

decimal point.
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CHAPTER 7: CONCLUSION AND FUTUREWORK

7.1 Introduction

In the continuing pursuit of green energy, renewable energy sources have become a light

of hope. Kazakhstan, with its huge potential for solar energy resources, is a leader in Central

Asia. However, the generation of solar energy requires constant monitoring and highly efficient

operation management. This is where the concept of digital twins steps in and transforms the

way power plants work. This project examined the current state of the art in the field of the

development of digital twins and their applications. During this study, we have thoroughly

explored this technology and created a prototype of a digital twin for a 50 MW solar power plant

in the Balkhash region.

7.2 Conclusions
In conclusion, the framework proposed for the implementation of DT technology adapted

to the unique characteristics of Renewable Energy Sources in Kazakhstan demonstrates

significant potential. With its adaptability to the renewable energy landscape in solar plants, this

framework serves as an effective tool for enhancing operational efficiency and performance

optimization. Moreover, the development of a Web Platform emerges as a crucial component,

offering a user-friendly interface for real-time monitoring and reactive maintenance strategies.

This visualization tool not only facilitates immediate decision-making but also enables

stakeholders to flexibly respond to emerging issues, thereby minimizing downtime and

maximizing productivity. Furthermore, the incorporation of both cold and hot analytics within

the proposed DT framework presents a robust approach towards predictive maintenance and

energy forecasting. By leveraging historical data and real-time insights, organizations can

anticipate potential faults, mitigate risks, and optimize resource utilization, thereby enhancing

overall system reliability and performance.

The project successfully met all the established objectives and delivered main outputs in

the form of a DT implementation framework, detailed implementation roadmap and prototype

for a 50 MW solar power plant. In addition, this work thoroughly described the operational

procedures of a 50MW solar power plant and indicated the main aspects in terms of equipment,
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sensors and IoT devices to consider for DT implementation.

7.3 Limitations of the project
This project lacks a description of the cybersecurity aspect of DT. However,

cybersecurity is an essential part of DT in terms of data privacy. Integration of cybersecurity

measures ensures the safety of sensitive data and prevents unauthorized access and data

manipulation. By overlooking cybersecurity, this project does not focus on potential risks

associated with unauthorized access and data leakage.

During this project, the main focus was only on one solar plant that was chosen as a

benchmark among other solar facilities in Kazakhstan. Such a narrow focus cannot guarantee full

compatibility and integration with different existing plants due to a lack of standardization in

design. RES is a wide sector to implements digital twin modeling. This case scenario covers only

one existing solar power plant. Consequently, there is the possibility that the digital twin

framework could not be implemented with other solar power plants due to hardware and

software differences. Also, the digital twin framework made for this scenario does not cover

wind, water, and geothermal renewable energy sources indicating no transformability.

7.4 Future Work
For future work, the following set of actions is scheduled in a time horizon of one year. In

terms of the prototype development, the further development of the web platform by integrating

the monitoring module into the existing platform and adding analytics tools should be performed

in 2 months. One of the most prominent development stages of the web platform is the

Integration of AI tools for cold analytics. It is planned to implement Machine Learning

Algorithms for energy output predictions and predictive maintenance. Additionally, in a longer

time horizon, the interesting integration example will be Drone Imagery. Applying Drone

Imagery to generate more real-time data for plant inspection is scheduled to be performed in a

6-7 months period.

For the further development of the proposed framework, a comparative analysis with

other existing DT projects for solar power plants should be performed. However, such projects

could be in the early development stages as the DT concept is considered an emerging
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technology. Performing the benchmarking analysis would help to assess the performance of the

development DT and its applicability, reusability and replicability.

In terms of broadening the application of DT, the visionary step will be developing DT

for Wind Power Plants. Moving beyond the scope of the solar power plant will substantially

widen the applicability of DT in the Renewable Energy Sector.
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Appendix List

Appendix A

Table A1. Communication Equipment Description
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Type of

trench

Trace Cable

Start End

Section of

cable laying Brand Length, m

Type1-Ty

pe 2

Cabinet BMZ

optical cross XS

cabinet SHAS-1

Block-1. optical

cross XS3

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
600

Type 1
Block-1. optical

cross XS3

Block-3. optical

cross XS4

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
317

Type 1
Block-3. optical

cross XS4

Block-5. optical

cross XS5

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
315

Type 1
Block-5. optical

cross XS5

Block-7. optical

cross XS6

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
285

Type 1
Block-7. optical

cross XS6

Block-8. optical

cross XS7

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
398

Type 1
Block-8. optical

cross XS7

Block-6. optical

cross XS8

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
381

Type 1
Block-6. optical

cross XS8

Block-4. optical

cross XS9

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
212

Type 1
Block-4. optical

cross XS9

Block-2. optical

cross XS10

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
275

Type 1
Block-2. optical

cross XS10

Cabinet BMZ

optical cross XS

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
227



Appendix B

Figure B1. “Trends” table
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cabinet SHAS-1

Type 2 Cabinet BMZ

optical cross XS

cabinet SHAS-1

Substation

220kV. OPU

building optical

cross XS11.

Communication

cabinet

in the pipe in

the trench

OKKL–8(6–652D

–2.7kN)
110



Figure B2. “Variables” table

Figure B3.“Messages” table
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