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INTRODUCTION
Relevance of the study. 
The development of geosystemic air quality monitoring in industrial regions is linked to the active implementation of digital technologies in environmental management systems. The use of innovative solutions, supported by scientific research and practical developments, contributes to improved monitoring and the reduction of negative environmental impacts. Namely, in terms of environmental monitoring, digital transformation (DT) has the concept of virtualizing the surroundings, which shaping the current trends in scientific world. By embracing the virtualization of our physical environment, scientists are creating complex, global digital models.
Over the last decade, it has proven to evaluate environmental innovations through the prism DT. This approach is supported by the national development programs of the Republic of Kazakhstan, where environmental monitoring research is considered a priority area until 2030. Furthermore, digital transformation is having a significant impact on the environmental sector through the introduction of artificial intelligence technologies, including UAV’s, real time Earth remote sensing systems (satellites) and Big data. By collecting massive information (Big data), it is possible to create “Digital twin” of real environment, which acts like a mirror to nature. This allows to monitor the environment reaction before it occurs in real life.
Over the last decade, scholarly inquiry has demonstrated the efficacy of framing environmental innovation within the context of digital transformation (DT). This conceptual framework is formally codified in the Republic of Kazakhstan’s national strategic roadmap, which mandates that environmental monitoring research remain a primary scientific objective through 2030. Within this ecological paradigm, DT is operationalized through a high-tech ecosystem comprising artificial intelligence, autonomous sensory vehicles, and real-time remote sensing. Central to this strategy is the deployment of 'Big Data' architectures and 'Digital Twin' methodologies, which synchronize physical environmental processes with high-fidelity mathematical simulations."
Nowadays, technological progress has moved beyond the phase of digitalization by incoming Digital Transformation era. As it has been noted, this new trend is fundamentally reshaping the human activity and its outcome. This notably drives the large datasets of geospatial data, with the development «Big data» which represents innovative digital technologies. 
An analysis of scientific sources on digital transformation has allowed to propose the following systematic list of digital technologies that collectively represent DT:
- Neural network technologies, mathematical models and digital twins, artificial intelligence agents and software modules
- Info communication systems and networks, instructors, distributed financial technologies and registries, remote access systems and radiofrequency communications
- quantum computing technologies
- innovative industrial production based on the synergy of robotics, sensor networks and data mining systems, including high-precision diagnostics based on artificial intelligence.
- сutting-edge immersive solutions based on VR/AR technologies, providing an immersive experience.
All of the listed geosystem digital approaches have already been successfully implemented and are functioning in practice; for instance, despite the fact that capacity if Building Information Modeling (BIM) which integrates with three-dimensional geometric data with geospatial applications with detailed characteristics in geospatial applications, in depth DT continues to be impeded by systematic fragmentation. 
At the current stage, there are still informational and technological gaps between digital technologies, which deprives and limits the essential key quality of DT – integration. This quality is very important for innovative geographic information systems and real-world objects with different functional purposes. Because these different purposes remain insufficiently coordinated and are not systematically connected with Big Data processing technologies. 
In digital transformation, technologies that integrate and apply 3D models are becoming more popular. In this context, the source data usually is presented as both internal and external information, which uses a same interface and format, which is a key factor in ensuring the effective operation of business models. However, geographic information systems (GIS) still faces a serious limitation in terms of disconnection between geospatial data and real-world objects. Nowadays, the same real-world objects are duplicated and stored across various projects. This leads to inefficient resource use and inconsistencies in data management. Therefore, nowadays there are no unified standards to represent different real world geosystem objects.
All above mentioned problems can be solved by increasing the quality of Digital Twin System (DT), particularly by application and integration of approaches to modeling (stochastic, simulation, agent-based, fuzzy), implemented within the framework of the DT concept. Digital Twin – is a 3D representation of the real-world environment in digital format, this technology is in early stage of development, it is slowly evolving functional and information architecture.
In environmental monitoring, DT ensures a virtual representation of a complex ecosystem of airfield through a geometrically structured “point cloud” – which is considered as one of the most reliable approaches in order to ensure the trustworthiness of data collection and processing. Application of DT provides beneficial outcomes in several qualitative key areas as: optimization of operating and production costs, implementation of advanced service models and reduction of resource consumption while simultaneously stimulating growth in sales volumes of goods and services.
Therefore, the importance and relevance of research have two important objectives at once: it improves the efficiency of civil aviation and expands the theoretical basis for managing stochastic programmable environmental monitoring systems.
The research problem is the need to formalize quality management processes for the air environmental monitoring system surrounding airports in the context of digital transformation in the civil aviation industry, as well as in the absence of a developed algorithm for the phased transition of civil aviation to alternative fuels in accordance with ICAO international requirements and the decarbonization strategy.
Research aim: To improve efficiency and accuracy of environmental monitoring system in the vicinity of the airdrome in terms of aviation industry’s digital transformation, as well as to develop an algorithm for the phased transition of civil aviation to alternative fuels in accordance with ICAO international requirements and the decarbonization strategy. 
To achieve this goal, the proposed work addresses the following research objectives: 
· Construction of a virtual digital twin for air pollution modeling in the Almaty Airport area.
· Creation of a fuzzy model for a comprehensive assessment of atmospheric air quality in the man-made zone of Almaty Airport.
· Development of a probabilistic methodology for quantitatively assessing environmental risks associated with air pollution monitoring based on deterministic standards.
· Construction of a simulation model for probabilistic analysis and numerical assessment of air pollution risks near airports, taking into account the non-deterministic nature of environmental standards.
· Improvement of methods and technical means for monitoring air pollutants.
· Analytical assessment of the potential and readiness of the civil aviation sector of the Republic of Kazakhstan for decarbonization through the transition to alternative types of aviation fuel.
· Development of an algorithm for the implementation of next-generation aviation fuel based on an analysis of the industry program for the reduction and compensation of carbon emissions, as well as key factors influencing the carbon footprint.
This study object focused on the air quality management process at an airport environment. 
The dissertation subject on digital monitoring of the airport air environment, conducted under conditions of uncertainty of both parameters and data. To achieve these objectives, the following were applied: ICAO regulatory requirements for aviation authorities; key principles of the ISO standard system; a systems approach to geoinformation research; mathematical and simulation modeling methods; and decision theory.
In order to solve these problems nest approaches was used: ICAO standards, ISO principles, a systems geoinformation approach, methods of mathematical and simulation modeling, and decision theory.
Research Methods. The tasks were solved using: methods of GIS system design, tools for mathematical and simulation modeling, as well as approaches within the framework of decision theory.
The scientific novelty lies in:
· A virtual digital twin model is used to describe air pollution in the airport area.
· A fuzzy model is used to generate an integrated air quality criterion in the airport's artificial zone.
· A probabilistic model is used to quantitatively assess the risks arising from environmental monitoring of air pollution based on deterministic standards.
· A simulation-probabilistic model is used to quantitatively assess similar risks in the airport's vicinity, but using non-deterministic standards.
· A comprehensive algorithmic approach to the implementation of alternative aviation fuel is proposed, integrating international ICAO requirements and decarbonization targets, taking into account the structural features and potential of the national aviation industry.
The validity and reliability of the scientific propositions, conclusions, and recommendations are based on the works of foreign and domestic scientists in the field of management, as well as methods of comparative, logical, statistical, and systems analysis arising in the process of researching innovative activities, which serve as the foundation for the formation of knowledge-intensive spheres of activity.
Practical value lies in the modernization of information and analytical support aimed at optimizing the functional management of the quality of the artificial environment. Technological support for digital principles of atmospheric quality management in areas surrounding airports. The practical value of the algorithm lies in the possibility of its application by government agencies and aviation enterprises of the Republic of Kazakhstan as a methodological basis for strategic planning and the preparation of roadmaps for the sustainable development of the industry.
Validation of the work. The main provisions of the dissertation, its individual solutions, and results were presented at meetings of the Scientific and Technical Council of JSC “Civil Aviation Academy” and at the 6th Eurasian Forum on Transport Safety and Digitalization – Vol. 4 (Almaty, 2025). 
Author’s personal contribution. Author personally conducted the full research lifecycle, mathematical framework development for the Digital twin system, definition of research objectives, application and planning of computer and experimental simulations and development of recommendations for the application of research results. The author personally conducted the full research lifecycle, from formulating the problem and developing the Digital Twin’s mathematical framework to executing simulations and providing implementation guidelines.
Publications. 5 printed works have been published on the topic of the dissertation, including: 2 articles in international journals indexed in Scopus, and 3 articles in journals recommended by the Committee for Quality Assurance in Science and Higher Education of the Republic of Kazakhstan. 
Structure and scope of the work. The dissertation consists of an introduction, four chapters, a conclusion, appendix, and a list of references containing 134 bibliographic sources.
In the first chapter‚ a review of existing scientific‚ methodological approaches and It examines current practical methods and their specific applications, demonstrating that – amidst the digital transformation of aviation business processes and rising air traffic volumes – existing frameworks must be adapted to accommodate the increasing complexity of anthropogenic environmental loads, in the living environment of the population in the airport zone has considerably increased in recent years․ Under these circumstances‚ new digital technologies can be effectively deployed to control and monitor ambient air pollution levels․
The main objectives of experimental stochastic studies specialized in order to evaluate the potential and degree of readiness of civil aviation of the Republic of Kazakhstan for integration into the decarbonization processes of aviation programs (global and national scale).
 Justification of the requirements for the mathematical support of the system which consists probabilistic, simulation, and agent-based modeling of environmental monitoring is given․
The second chapter is dedicated to the theoretical foundation and formalization of digital quality management systems within anthropogenic airport environments. To construct a robust mathematical framework for environmental monitoring, the study integrates probabilistic and simulation modeling, fuzzy logic algorithms, and agent-based expert systems. Key outcomes of formalization process include high-fidelity model simulating airspace pollution dynamics specific to the airport zone; a structural-technological model of a system for monitoring utilizing Unmanned Aerial Vehicles (UAVs) for atmospheric data collection; calculation of fuzzy model for comprehensive assessment of air purity within airport environment; quantitative analytical that predicts the effectiveness and potential failure risks in environmental control systems. All models were developed based on the technical specifications and data provided by Almaty International Airport JSC.
The third section examines existing air pollution monitoring tools and presents experimental and statistical studies characterizing the quality of atmospheric air in the city of Almaty. A list of measuring instruments and standards suitable to mobile measurement platforms has been collected such as GasAlertMicro 5; MultiRAE Lite; SOLO-TOCHNOST; A-1; A-4M; A-48; and others. The most effective measuring instruments and systems were identified based on technical and economic indicator, and the reliability of pollution monitoring was investigated using these as an example. It was also established that aviation remains a significant source of carbon emissions; in order to reduce them, ICAO is implementing the CORSIA programm and focusing on the transition to next-generation fuels (SAF and LSAF). Based on this, it is highly recommended that Kazakhstan accelerates the transition to low-carbon fuels by ensuring investments in production, reducing the cost of SAF, and obtaining ASTM certification. Based on data from Air Astana airline, key factors influencing the carbon footprint were identified, and a model of how emissions depend on these factors was constructed. The results show that each individual factor is important, and confirm the real possibility of aviation sector of Kazakhstan’s transition to alternative fuels.
The fourth section contains the results of theoretical and experimental work on the development and evaluation of the effectiveness of a digital system for monitoring particulate matter – air pollutants. It examines the design and ground-based solutions for a measurement unit based on the capacitance method, and includes simulation and statistical data analysis. Additionally, an algorithm has been developed for the transition of Kazakhstan’s aviation sector to next-generation fuels (SAF, LCAF), providing a strategic framework for reducing the industry’s carbon emissions.
Scientific propositions to be defended:
-	A virtual digital twin model is used to describe air pollution in the airport area.
-	A fuzzy model is used to generate an integrated air quality criterion in the airport's artificial zone.
-	A probabilistic model is used to quantitatively assess the risks arising from environmental monitoring of air pollution based on deterministic standards.
- A simulation-probabilistic model is used to quantitatively assess similar risks in the airport's vicinity, but using non-deterministic standards.
-	A comprehensive algorithmic approach to the implementation of alternative aviation fuel is proposed, integrating international ICAO requirements and decarbonization targets, taking into account the structural features and potential of the national aviation industry.
Appendices. This section includes, the implementation certificate and certificate of entry into the state register of rights to copyright-protected works.


1 ANALYTICAL OVERVIEW OF THE SUBJECT AREA
1.1 Institutional, Legal, and Methodological Foundations of Environmental Legislation in the Republic of Kazakhstan
Statistical analyses of the levels and rates of environmental pollution – particularly air pollution – show that 60% of atmospheric emissions are generated by motor vehicles and other modes of transportation. Assessing pollution levels involves measuring individual components of pollutants and comparing the results with existing maximum permissible coefficients (MPCs), which are established by national or regional legislation. Measurements are taken at fixed, roadside, and mobile monitoring stations. The issue of environmental protection is particularly relevant in the city of Almaty, given its geographical location and terrain. The objective of the environmental legislation of the Republic of Kazakhstan is to institutionally provide a legal environment that defines strategic directions and basic principles for the implementation of a unified state environmental policy. To achieve the objectives of environmental legislation, specific tasks have been defined. These tasks define the scope of legislative initiatives and measures. The primary basis of this legislation is state regulation and the implementation of environmental principles of sustainable development in the Republic of Kazakhstan [1].
The modern city of Almaty is a complex urbanized geosystemic conglomerate whose dynamic development has an anthropogenic impact on the environment. Technogenic factors that are difficult to control, and they are the main causes of the sharp increase in morbidity among the population. New approaches based on the clear and structured processes are being employed to manage the current situation. To assess the level of impact on the environment, criteria based on a scoring system are proposed, as in [2, 3]
                                  (1.1)
                                                               
where  – is the score for the i-th environmental indicator;
  и  – importance of weighting factors
The main challenge in this field is ensuring objective instrumental and methodological monitoring. The requirements for methodological and instrumental accuracy in monitoring and assessing atmospheric pollution levels are determined by three key factors: the significance of the monitored pollution indicator, the level of risk associated with monitoring, and the socioeconomic consequences resulting from the quality of air pollution monitoring and forecasting. In an airport setting, the following pollution components - substances often referred to as atmospheric pollutants for analytical evaluation.
-     CO – carbon monoxide;
-     NO – nitrogen oxide;
-     CO2 – carbon dioxide;
-     NO2 – nitrogen dioxide
-     HC – hydrocarbons;
-     CH2 – methane;
-     SO2 – sulfur oxides;
-     PM2.5 and PM10 – fine particulate matter;
-     Soot
-     Smoke
Global statistics shows that the average annual growth rate of air traffic has been 19%, and that of passenger traffic 30%, over the past eight years. The standard LTO cycle, defined by four operating modes (taxiing, takeoff, climb, and approach), was applied in the boundary layer of the atmosphere (915 m) above the ground [4]. As shown by ICAO studies ground emissions caused by the landing and takeoff (LTO) phases of flights are the primary sources of pollution at airports. Emissions generated during climb and cruise directly cause climate change in the stratosphere and UV radiation (global/regional pollutant emissions).
Reference [4] presents data from studies conducted in various countries, where aircraft emissions were measured in real time at specific airports under different engine load conditions for the CFM56-2B1 gas turbine engine used in the KC-135 Stratotanker (Presto et al., 2011). As a result of the studies, CO2 and NOx were measured in real time for five aircraft types during taxiing at idle and during takeoff, and compared with the ICAO database for Roanoke Regional Airport in Virginia.
It was found that the highest emissions occur during the taxiing phase due to engine idling. During idling, the engine emits unburned hydrocarbons (HC). In addition to real-time measurements, emissions can be calculated theoretically based on fuel consumption and aircraft emissions. As a result of the study in China, an airline was selected that emits excessive emissions and greenhouse gases (N2O, CH4, CO2, H2O) for each operating mode, and it was found that maximum emissions occur during taxiing. Furthermore, according to ICAO definitions, taxiing time constitutes the majority of the total flight cycle time. According to ICAO definitions, a standard cycle consists of four operations. Taxiing time accounts for the majority of the cycle. Taxi-in and taxi-out times depend on airport capacity, season, runway conditions, and air traffic. According to the ICAO description, the approach phase of the cycle lasts 4 minutes, the climb phase 2.2 minutes, and the takeoff phase 0.7 minutes. In this study, ICAO standards were adopted for the approach, climb, and takeoff phases, while EUROCONTROL data for 2021 were used for the duration of simple taxiing at Turkey’s five busiest airports.
To understand aircraft emission characteristics, it is necessary to be familiar with the aircraft cycle description as specified in ICAO guidance materials. Emission factors for engines from various manufacturers were obtained from the ICAO database. The 55 most preferred engine types for Boeing 737 aircraft were identified, and average emission factors were calculated for each phase of the operating cycle. Similar procedures were performed for the 57 most preferred engine types for the Airbus 320. Taxi-in and taxi-out times within the cycle were accounted for in real time. To calculate an aircraft’s annual emissions, the following data is required: the number of flight cycles, fuel consumption, the emission factor (for a specific engine type), and the time the engine spends in each operating mode. The engine type plays a decisive role in the calculation of emissions. On the other hand, it is known that the duration of each phase directly affects total emissions in the operating cycle. Consequently, to obtain more accurate results, real-time data must be collected for each operating phase.
In this study, emissions of hydrocarbons, CO, and NOx at Turkey’s largest airports, expressed in tons, were calculated as percentages and presented in Figure 1.1 for the year 2019.


Figure 1.1 – Emissions Levels at the Busiest Airports
Note – Compiled based on source [4]

The dominant emission at IST and AYT airports is CO, accounting for 52% and 47%, respectively. NOx emissions were most significant at SAW, ADB, and ESB, accounting for 50%, 50%, and 49%, respectively. HC, the lowest percentage for all airports, was calculated for IST, SAW, ESB, ADB, and AYT at 7%, 6%, 7%, 6%, and 7%, respectively. Emissions of hydrocarbons, CO, and NOx at these five airports amounted to 215 tons per year, 1,483 tons per year, and 1,417 tons per year, respectively. IST Airport recorded the highest emissions of HC, CO, and NOx, at 44%, 44%, and 36%, respectively (Table 1.1).

Table 1.1 - Emissions of hydrocarbons, CO, and NOx at airports [4]
	№ п/п
	Аэропорт
	HC 
	CO 
	NOx 
	HC,
%
	CO,
%
	NOX,
%

	1
	IST (Istanbul)
	2.63Е+04
	1.81Е+0.5
	2.05Е+05
	12
	12
	15

	2
	SAW (Sabiha Gökçen)
	2.3Е+04
	1.59Е+0.5
	1.52Е+05
	11
	11
	11

	3
	ESB (Аnkara)
	3.33Е+03
	2.29Е+0.5
	2.54Е+05
	16
	16
	18

	4
	ADB (Izmir)
	9.52Е+04
	6.57Е+0.5
	5.16Е+05
	44
	44
	36

	5
	AYT (Antalya)
	3.73Е+04
	2.57Е+0.5
	2.90Е+05
	17
	17
	20

	6
	Total
	2,15Е+0,5
	1,48Е+0.6
	1.42Е+0,6
	100
	100
	100



It is known that, according to the standard ICAO definition, the total taxiing time (including taxiing in and out) is set at 26 minutes (Table 1.2).

Table 1.2 – Standard taxing time [4]

	№ п/п
	Mode

	Power, 
% 
	Time in Mode, min

	1
	Low gas/steering
	7
	26

	2
	Approach
	30
	4

	3
	Climb
	85
	2.2

	4
	Takeoff
	100
	0.7


	    
As shown in Table 1.2, taxiing accounts for a significant portion of the standard LTO procedure. During this procedure, engine idling results in the emission of pollutants. Therefore, taxiing time plays a crucial role in emissions calculations and must be taken into account in airport design. Compared to the standard ICAO taxiing procedure, it was observed that taxiing time at ADB, AYT, ESB, and SAW airports is lower than the standard values for IST airport.
Different taxiing times for different airports reflect varying climatic conditions, air traffic density, and passenger capacity. When calculating emissions, accounting for real-time taxiing duration yields more accurate results.
Work [5] notes that air transport pollution occurs not only through emissions of products from equipment operation during aircraft flight into the ozone layer. 
The following factors affects to the atmosphere from aircraft engine emissions, as:
· Radiative factor
· Photochemical factor
· Biological factor
These factors alters ozone content and thereby increases the flux of biologically active ultraviolet radiation at the Earth’s surface, leading to increased absorption of the long-wavelength spectrum in the 280–320 nm range.
As indicated in [6, 7, 8], the aircraft propeller is the primary source of noise during the operation of aircraft powerplants in both turboprop and piston engines. It should be noted that the noise level generated by the propeller is directly determined by characteristics such as:
- the angular velocity of the rotating parts;
- the active power delivered to the propeller;
- the diameter and number of blades.
The variety of compounds in aircraft engine exhaust gases is classified into groups based on their effects on organisms and their physicochemical properties:
- non-toxic substances: N, O, CO2, H, water vapor, in concentrations not exceeding the threshold level;
- toxic substances, among which nitrogen oxides are particularly notable.
Article [9] presents the results of studies on the environmental impact of aviation and measures to mitigate its negative effects. The study analyzes the main factors and components of gaseous emissions, their impact on air quality at airports, and the potential impact of aviation emissions on the radiation balance. 
A number of studies indicate that, in addition to improving engine designs, there is an option for technological optimization [10–15].
The general scheme of the body’s reaction to the effects of environmental pollutants, according to the World Health Organization (WHO), is as follows [10, p.12], ranked by priority in the form of a pyramid:
Figure 1.2 shows the structure of quantitative indicators of environmental monitoring in the form of a classic data framework pollution levels is regulated by standards of average daily and annual parameters [11, 12]. 


Figure 1.2 — Diagram of the impact of atmospheric pollutants on the human body.
Note: compiled by the author based on materials from [10].

The calculation of average annual levels is regulated by the requirements of environmental standards with a validity period of at least two years.
The assessment of air pollution levels is based on the frequency with which concentrations exceed the annual maximum permissible concentration (MPC) of substances. The hazard class and the permissible frequency of concentrations at a given level are also taken into account. The calculation results are significantly influenced by the number of different pollutants in the air and characterized by their combined action coefficients.
In order to find the average daily MPCAD it is necessary to use the formula into which the corresponding numerical values ​​are substituted [10, p. 7]: To move from average daily MPCAD to average annual MPCY, it is necessary to use the formula, into which the corresponding numerical values ​​are substituted.

                                        (1.2)

где   – significance coefficient determined empirically;
  – empirical data. 

By means of logical-mathematical recalculation of the concentrations of each air component normalized by MPCcomp into the concentration of pollutants of hazard class III according to formula (1.3), the degree of air pollution is determined depending on the effectiveness of the hazardous substances.
,                                                    (1.3)

where  – efficiency ratio; 
n – hazard class.
Generally, there are five hazard classes, with Class 3 corresponding to moderate hazard. In the case of atmospheric air pollution by a wide range of substances—i.e., those belonging to different hazard classes—the comprehensive pollution index is calculated using the following formula:
                                            (1.4)

where  - the square root of the algebraic sum of the squares of the concentrations normalized to the MPC converted to substance concentrations;   - substance number;  - hazard class
In this case - the overall level of air pollution is assessed using an integrated indicator.
As practice shows, commercial aviation is one of the main sources of anthropogenic environmental pollution. The source of these emissions is the aircraft engine. The range of atmospheric pollutants is quite broad, and their concentrations depend on the type of engine and the type of fuel used [13, 14, 15, 16]. The following pollutants are the most harmful to public health (in order of hazardous impact): NOX, CO, CH, soot particles, SO2 [17, 18]. The values of these parameters are determined by design and manufacturing factors.
Figure 1.3, based on the work of S.Yu. Kulakov, S.A. Dyakov, and O.V. Bazarsky [19–21], experimental data are presented in the form of empirical relationships linking pollutant emissions from air transport gas turbine engines to thrust. These same authors have conducted studies of gas turbine engine emission characteristics and mathematical modeling of exhaust gas dispersion processes in the atmosphere. As shown in Fig. 1.3, the operating modes can be characterized as follows:
· Low thrust: nearly 99% of the fuel is completely burned, resulting in maximum HC and CO emissions.
· Takeoff, climb, and cruise flight: combustion efficiency is close to 100%, so HC and CO emissions are minimal. In contrast, NOx emissions and smoke density reach their highest levels under maximum thrust conditions [22].



[bookmark: _Hlk121657534]Figure 1.3 – Emission Characteristics of Aircraft Gas Turbine Engines

 1 - engine operating mode; 2 - low-throttle mode; 3 - maximum mode; 4 - complete combustion; 5 - exhaust gas temperature.
Note – compiled based on source [23]

Engine exhaust smoke is also significantly affected by takeoff and landing procedures (Fig. 1.4).



Figure 1.4 – Smoke number of exhaust gases depending on engine operating conditions [16]
Note – based on source [16, 23]

Figure 1.4 shows the relationship between the smoke number (in percent) and the phases of the takeoff and landing cycle [16, p.72], including the following stages: idle (idling), taxiing, takeoff, climb, and landing, etc. Gas turbine engine (GTE) exhaust gases may contain up to 0.1 g/kg of NOX; this component is particularly prevalent in higher-class aircraft.
The digital transformation of Kazakhstan’s economy has also impacted the environmental management system for airfield surroundings and the aviation industry as a whole [23, 24, 25].

1.2. Trends in the decarbonization of international aviation
The rapidly growing aviation industry and services market make a significant contribution to the economic development and defense capabilities of every country. On the other hand, significant positive changes in aviation inevitably leads to environmental problems, including an increase in carbon emissions, which contribute to global climate change.
Despite that the aviation sector accounts for less than 2% of global CO₂ emissions, the scale of this threat requires the immediate adoption of appropriate environmental safety measures. In an effort to reduce aviation's carbon footprint, ICAO launched the global CORSIA initiative. This emissions offsetting system is designed to put international aviation on a carbon-neutral growth trajectory [26].
The decarbonization of international civil aviation follow this sequence of events.  
The first stage involves implementing the decision to transition to next-generation fuel. Since 2009, this fuel has been recognized as an important and effective means of reducing the carbon footprint of international aviation, following the outcomes of the first ICAO Conference on Aviation and Alternative Fuels (CAAF) (Rio de Janeiro, Brazil) [27].  This initiative was also accompanied by the development of sustainably produced alternative aviation fuels (SAF), which were included as a key component in the list of important measures for ICAO implementation [28] to achieve a net-zero carbon balance in international aviation.
In the second phase, in October 2017, following the second ICAO International Conference on Sustainably Produced Alternative Fuels (Montreal and Mexico City), a mechanism was approved to ensure a smooth transition from the use of global market-based measures (MBMs) to the use of sustainably produced aviation fuels (SAFs) during the period 2021–2035. [28, p. 4]. 
In the third phase, following the third ICAO Conference on Aviation and Alternative Fuels (CAAF/3) (Dubai, United Arab Emirates, November 20–24, 2023), more than 100 countries agreed to establish a global framework to achieve net-zero carbon emissions by 2050 – with focusing  on the development, scaling, and mass adoption of two fuels: sustainable aviation fuel (SAF) and its low-carbon alternatives [29]. 
Because of these initiatives of the third phase that airlines such as ASD, CANSO Europe, ERA, WIZZ, and others have already confirmed voluntarily their readiness to use SAF. Phase 3 demonstrated the need to organize SAF production in sufficient volumes, with a steady ramp-up, which will make it more cost-effective for airlines and consumers [29, p. 4].


It is also noted at this stage that, given the low production volumes and uncompetitive prices of SAF, experts believe that a number of major airlines, such as Batik Air (Indonesia), Azul Conecta (Brazil), Lusair (Portugal), and others, find it more cost-effective to offset their CO2 emissions by purchasing carbon credits rather than operating aircraft. This mechanism is highly effective in reducing the price gap between fossil fuels and SAF [29, p. 7].
The fourth phase of decarbonizing civil aviation is marked by the European Parliament’s approval in April 2024 of a reform to the greenhouse gas emissions trading system, which calls for the elimination of free allowances for the aviation sector by 2026. In other words, starting in 2026, aircraft operators will no longer have free CO2 emission allowances; that is, for every ton of carbon emissions, they will have to pay compensation fees or purchase available carbon emission allowances, the price of which on the carbon market (according to Eurostat data) has risen sharply in recent years, reaching a peak of €112.3 per ton of carbon emissions in 2023. 
The information provided above indicates that it is very difficult to determine which decarbonization solutions will be the most effective and cost-effective for airlines in the coming years. However, it can be clearly concluded that each country must conduct research on improving the effectiveness of environmental safety monitoring in civil aviation, as the cost per unit of carbon emissions on the carbon market is expected to rise sharply in the coming years. There is a need to develop scientifically grounded solutions for reducing carbon emissions and enhancing the capacity to transition to next-generation fuels.
Currently, issues related to the decarbonization of civil aviation are a hot topic in scientific publications and are being actively discussed among scientists and experts.
According to research [30], in recent years, a trend toward decreasing greenhouse gas emissions has been observed in civil aviation. However, the sustainable development of the aviation industry and the intensification of air travel are offsetting this effect, leading to an overall increase in emissions. Most scientific work in this area is focused on the implementation of the following measures.
- reducing CO₂ emissions in aviation across all planning horizons through innovative aviation fuels.;
-application of SAF is limited by two key factors: the need for multi-billion dollar investments in new plants and rising logistics costs for transporting the fuel., and mandatory certification to the ASTM standard.
It follows that the widespread adoption of SAF will require significant time and resources. Success is possible only if each country creates a favorable investment climate and ensures stable government policy regarding the decarbonization of civil aviation.
Otherwise, investments in a competitive environment may shift to other modes of transport, such as rail or road [30, p. 1207].
In the article [31], argue that, in fact, 3.5% of atmospheric warming is attributable to aviation emissions: CO2 and other hazardous substances. According to the study's findings, carbon dioxide emission reductions can only be achieved through the use of SAF fuel. This alternative resource, derived from environmentally friendly sources, is chemically identical to conventional jet fuel and and it has an ability to eliminate many other environmental pollution problems from aviation [32].
In 2023, [32, p. 31] this research presents that the results of a search for possible options to reduce carbon emissions based on an intelligent and statistical analysis of China’s civil aviation data. A model was also presented that systematically identifies the factors influencing changes in CO2 emissions in the aviation industry of the People’s Republic of China. As a result of the research and modeling, the authors developed a series of scenarios for reducing carbon emissions through 2040, utilizing government support mechanisms [32, p. 32].
In the article [33] by Japanese researchers was presented fundamental analysis of the global demand for SAF, the costs associated with the transition to low-carbon aviation fuel, and the reduction of CO₂ emissions. Particular interest in the paper have been proposed predictive solutions for improving efficiency. The researchers have realistically demonstrated that there are no other viable solutions for reducing aviation carbon emissions without a transition, in the medium term, to biojet and synthetic fuels that are chemically similar to fossil jet fuel. In the long term, a transition to air transport powered by electric and hydrogen engines is proposed.
In the research [34], points out that the reasons holding back aviation’s transition to next-generation fuels are:  
- the need for large-scale investments;
- limited resources for SAF production. 
As noted in [34, p. 28], the inevitability of the civil aviation industry’s transition to a new generation of fuel has led to the development (based on a resource-based approach) of a methodology for calculating the expected volume of biomass and technological readiness for SAF production and expected cost. A distinctive feature of this scientific work is its conceptual approach based on the use of incentive measures, the key among which is large-scale investments in the development of technologies and the expansion of the raw material base, a more ambitious policy of synergizing SAF production with other industries should be implemented. The integration of tasks and resources to achieve the set goal of decarbonization must be carried out to ensure the food and energy security of countries [34, p. 29]. Resource consumption must be balanced in terms of quantity, taking into account global challenges.  
Publication [35], note that reducing aviation’s climate impact on the environment is a global-scale problem which require an urgent solution. Therefore, it is necessary to develop and implement international, regional, and national policies for the transition to SAF. A number of instruments have also been proposed to motivate and incentivize the implementation of these objectives. Particular emphasis was placed on the need for these policies to account for competitive constraints. Specifically, using the example of Dutch aviation, the researchers demonstrate that the transition to SAF will lead to an increase in the cost of cargo.
In the research paper [36], propose revising the system of quotas and tax regimes in the aviation industry. The researchers found that the introduction of optimized and incentivizing quotas is more effective for airlines than heavy-handed tax regimes. Following an in-depth analysis of existing quota and tax incentive mechanisms, the concept of a “golden period” was proposed to ensure the profitability of investments in SAF production. The main conclusion of this study is the need to introduce an optimized quota system for aviation. The introduction of quotas should take place in the near future, and their implementation should be combined with policy efforts to transition to next-generation fuels.
Based on an analysis of scientific literature, the main factors determining the need for decarbonization of civil aviation in the Republic of Kazakhstan were identified: 
· the excess of the growth rate of air traffic volumes over the rate of reduction of CO2 emissions in the sector. 
· insufficient development of decarbonization mechanisms in strategic state programs for the development of the aviation industry.
· the conditions for transitioning to low-carbon fuel include: large-scale investment in new production facilities, cost reductions across the entire SAF production chain, and securing funding for certification to ASTM standards;
ICAO actively supports international aviation in achieving its overall long-term goal of reaching net-zero carbon emissions in international aviation by 2050.
Based on the foregoing, the author of this dissertation decided on the necessity of conducting experimental-stochastic studies to assess the capabilities and readiness of Kazakhstan’s civil aviation to transition to decarbonization. Based on the results, an algorithm for the transition to next-generation fuels must be developed, which should serve as the fundamental basis for drafting a corresponding Roadmap for the transition of Kazakhstan’s aviation sector to SAF and LCAF.

1.3 Methods for Laboratory Measurement and Industrial Monitoring of Anthropogenic Air Pollutants 
Specialized studies in this field present spectral data on exhaust gases, which are typically obtained under laboratory conditions using specialized test benches [37, 38, 39]. The most common methods are as follows. 
The FID (Flame Ionization Detector) method, based on the measurement of organic compounds in high-temperature regions by detecting combustion ions which have been produced in a flame. Measuring elements: two electrodes with a potential difference. The positive electrode is a flame nozzle, and the negative electrode is in the form of a droplet, an angular piece of platinum, or a tubular collector plate. When ions hit the negative electrodes, they generate a corresponding current, which is measured by an ammeter with high input resistance. An integrator and special software are used for displaying. Consequently, the hydrocarbon content is determined using a corresponding special detector—the FID [40]. 
NDIR (non-dispersive infrared) method utilizes the property of certain gases to absorb radiation in specific wavelengths. This property is known as infrared spectroscopy— where the absorption of gases has own unique spectral range and has own emission frequency which matches the frequency of absorption gases; the resulting signature identifies the gas type and determine its concentration level. It is important to note that NDIR devices are highly sensitive and reliable, and are applicable to a wide range of specific gases, particularly carbon dioxide [40, p. 16]. The main components of such devices are: an infrared radiation generator, a sample chamber, a filter, and a detector. The medium under study, or sample, is introduced into and removed from the chamber, respectively, to assess the carbon dioxide content. The generator irradiates the sample and directs the radiation toward the detector. The radiation is absorbed by carbon dioxide molecules. The difference in light intensity between the radiation beams, as detected by the detector, is directly proportional to the concentration of carbon dioxide and is used to calculate the concentration. NDIR-based instruments have an important feature: the ability to reduce errors caused by measurement system drift using special compensators. However, they have low reliability due to the formation of aging films on the detector.     
The CLD chemiluminescence method is based on the quantitative and qualitative measurement of chemical elements and compounds by detecting the light they emit. The process is based on the transfer of electrons from a reducing agent to an oxidizing agent, which release and accumulate chemical energy as light. This method is widely used to determine the composition of gas mixtures and impurities in the atmosphere [41]. In particular, if the chemiluminescence radiation lies in the 600–660 nm wavelength range, then by tuning the radiation receiver to the corresponding frequency, the amount of nitrogen dioxide (NO₂) can be estimated based on the signal level.
The determination of soot content by thermal decomposition is widely used not only to diagnose engine condition based on exhaust gases, but also in the analysis of air samples as part of air pollution monitoring [42]. This method is based on separating a sample containing polyolefin in a nitrogen or argon flow, with soot being extracted from the mixture. Thermal decomposition devices include tubular furnaces, quartz and steel tubes, measuring thermocouples or quartz thermometers, and boats containing the test material. The operating principle involves the following steps: the test sample on the test platform (boat) in the tubular furnace is treated with nitrogen or argon at a high flow rate, the furnace temperature is raised to 500°C, and after 30 minutes, it is cooled in a quartz tube to 230°C; then it is placed in a desiccator and the treated mass is weighed. The mass fraction of soot is determined using a calculation formula based on the arithmetic mean of parallel tests. The measuring systems are designed for stationary test conditions and cannot be implemented on UAVs [42, p.32].
[bookmark: _Hlk121731157]Soot is one of the components of smoke. All known smoke meters operate on the principle of measuring air transparency [42, p.35]. In general, when any radiation passes through smoke components, its intensity decreases due to scattering and absorption within the layer. The degree of this decrease depends heavily on particle size. Thus, by measuring air transparency, one can quantitatively estimate the concentration of soot in the atmosphere.  
Particulate matter (PM) consists of a mixture of solid particles and liquid droplets. Particulate matter (PM) is divided into PM10 particles, which are 10 microns in size, and PM2.5 particles, which are up to 2.5 microns in size. Many particulate matter (PM) sensors are based on the principle of photometry, which measures the scattering of light in the air between an emitter—such as a laser or LED—and a photodetector. However, darker-colored particles scatter less light than lighter-colored particles, which requires special calibration of the instrument. The humidity and temperature of dust particles play a significant role, substantially affecting instrument readings. Monitors that display the concentration of gases such as CO and NO₂ are typically expensive. Portable devices are less expensive but have limitations due to the complexity required to measure gas concentration.
Currently, the market is offering a wide range of analog and digital environmental monitoring devices that are marketed as an air quality assessment tool [43]. Technical specifications and prices vary widely, but certification data is not always provided. It is vital rule selecting a device: consumer products are not as accurate or reliable as laboratory instruments, but they are not as expensive as laboratory instruments.  
In the following, the technical specifications of the most popular air quality monitoring devices are discussed. 
The JD-3002 device [43 p.45]. This is a portable handheld air quality monitor powered by a built-in 18650 battery with USB charging and a backlit display. It also measures temperature and humidity, but lacks a PM particulate sensor. The device has the following technical specifications:
- Detection of volatile organic compounds: Yes, TVOC;
- Detection of formaldehyde and related compounds: Yes, HCHO;
- Carbon dioxide content: Yes, CO2;
- Overall air quality index: Yes;
- Wireless connectivity: No.
AirVisual Node - one of the most advanced monitoring device types [43]. This monitoring station measures CO2 and PM2.5 (as well as temperature and humidity). It has a large color screen, built-in memory (4 GB), and a rechargeable battery for standalone operation. There is also a mobile app with an air quality map and push notifications. The station can operate both in standalone mode and when connected to a network via Wi-Fi. Access from a computer is possible via the Samba protocol. It features a non-dispersive infrared carbon dioxide sensor and a high-precision, industrial-grade PM2.5 detector, the accuracy of which has been confirmed by specialized tests. There is another modified version of the AirVisual Node station, which features a high-quality glossy screen, an improved PM2.5 sensor, and expanded functionality, including the ability to disable Wi-Fi and configure measurement intervals. According to experts, this is the best device available for monitoring both indoor CO2 levels and outdoor air quality.
iCeeO2 is a carbon dioxide meter among affordable, high-quality concentration. This device is featured with dual-channel CO₂ sensor with precise automatic calibration. CO₂ monitoring can be performed under any conditions. It can be powered by an external power source. Currently, the market offers alternative devices like the AZ Instruments AZ-7798/7788/7787, HT-2000, NetAtmo Weather Station, and Air Sensor. 
 1.4 Mathematical models for environmental monitoring conditions in the vicinity of airfield 
Mathematical support plays a crucial role to determine an implementation of intelligent technologies in complex, multi-parameter control systems, particularly in the current context of the digital transformation of socio-economic processes [44, 45]. An environmental management system in a given urbanized area is an example of such systems and criteria. These systems are dynamic, non-deterministic, nonlinear systems, because it is constantly influenced by external and internal factors. Because of this mathematical support in the subject area aims to solve system-wide technical and economic optimization problems, as well as design and operational-technological tasks at all stages of the system’s life cycle [46–50]. Formal mathematical tools are mostly applied for time-series forecasting or finding the optimal solution, in order to reduce decision-making risks, or uncertainty in goal-setting. Mathematical support in SMART systems and CD technologies plays a key role and determines the level of implementation of intelligent technologies [51, 52, 53, 54].
The level of integration of intelligent technologies into information systems and data processing tools is increasing significantly due to advances in the intelligent data analysis [55, 56, 57, 58].  Analysts and systems integrators are noting a qualitative leap in the development of data mining technologies. Modern algorithms are capable of quickly uncovering hidden relationships and subtle insights in massive amounts of raw data
 The main advantage of intelligent data analysis over expert systems are in the This approach is based on a new methodology for the “objective” synthesis and filtering (selection) of new knowledge. In comparison with traditional statistical methods, the identification of implicit relationships is based on the study of pre-prepared samples and the calculation of correlation coefficients. The use of data mining algorithms then makes it possible to automatically extract significant structural patterns from colossal volumes of information (Big Data). And these are calculated and formed in a software environment. This property significantly enhances the quantitative performance of the implementation of intelligent technologies. Intelligent data analysis utilizes five patterns and correlations: comparative association, logical sequence, parametric classification, clustering and historical chronology.
Formal models of environmental monitoring process, the control function plays a key role. The process involves measurement, comparison of the result with a standard, analysis, and subsequent decision-making. [48, p. 6]. The controlled parameter, the measurement, and the standard value are of a non-deterministic nature and are approximated by statistical distribution laws [49, p. 18]. The statistical nature of the control process gives rise to control errors, which are interpreted as risks to the control and the management system as a whole [50, p. 212]. Numerous studies of control risks have demonstrated that control risks are systemic phenomena, the numerical value of which is determined by the combination (composition) of the listed control agents. The number of possible combinations, as proven in [44, pp. 1471–1472], amounts to 729 variants. From this number, several compositions were developed to investigate the degree of dependence of risk values on the above-mentioned statistical laws and characteristics. Thus, the study examined a variant where the controlled parameter is distributed according to the Gaussian distribution, and measurement errors with normalisation by a single lower bound. This gives rise to manufacturer’s risk and consumer’s risk, which are estimated by the probabilities: PFR – probability of a false rejection (manufacturer’s risk) and PMD – probability of a missed defect (consumer’s risk). Lower or upper limits are referred to as one-sided. 
Figure 1.12 illustrates a case where the controlled variable is limited at the lower limit by the standard SL (Fig. 1.9).
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Figure 1.9 – Single-sided lower bound [44]

The probability densities under the proposed hypotheses took the form

                                          (1.5)
                                           (1.6)
	
In [44], the following notation was used: -probability density function of the monitored parameter ;  – measurement error distribution density function. 
In this case, analytical expressions for calculating risks are as follows:

                        (1.7)
             
[bookmark: _Toc319528802]In these expressions, integration variables of the standard change has been carried out.
The authors of the study performed numerical calculations of probabilities using the proposed formulas within a computer modelling software package. Figure 1.10 shows a graphical 2D representation of the results of the probability of false failure calculation РFF. The figure shows the magnitude of the risks as a function of the ratio of the instrument’s root mean square error (uncertainty) to the root mean square of the measured parameter Ϭs/Ϭφ for varying limit values shown in the Fig. 1.10. wherе the upper curve corresponds to the standard of the average plus one standard deviation Savg , the middle curve to two standard deviations , and the lower curve to three standard deviations.  



Figure 1.10 – Graphical model of the relationship between the probability of false rejection and the ratio Ϭs/Ϭφ for given threshold values.
Note – Compiled based on source [44]

        An analysis of the graphs in Figs. 1.11–1.13 shows a direct relationship between the PFR value and the standard deviation. While the upper curve characterizes the system's behavior with the maximum parameter spread ±ϬS, the lower graphs depict more stable modes with minimal deviation, while the lower curve corresponds to values of 2ϬS from Savg. The probability PFF also increases as the variation in the standard deviation values increases. 
The author of this work also investigated the case of tolerance limits. The author proceeded from the premise that the use of probabilistic methods for further modelling of more complex probabilistic event compositions, characteristic of tolerance control, leads to cumbersome mathematical expressions and a reduction in the accuracy and adequacy of the models. In this case, the most effective solution is to use simulation modelling. A graphical interpretation of the simulation approach for the case of tolerance specification of a controlled parameter is shown in Figure 1.11. The tolerance is the range of parameter values equal to:

∆ = VU -  VL.                                                         (1.8)
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Vl – lower limit; Vu – upper limit.

Figure 1.11 – Graphical model illustrating the formation of inspection error characteristics during tolerance control
Note – Compiled on the basis of reference [45]

In Figure 1.11, it is assumed that the parameter V is equivalent to the parameter S, by analogy with the previous example.
A computer simulation was carried out to evaluate the errors, for which a software application was developed. The simulation results are presented in Figures 1.12 and 1.13 in the form of graphical plots.


Рисунок 1.12 – Graphical representations of the probability of false rejection (РFF)
as a function of the uncertainty ratio σφ/σs [45 стр.]




Figure 1.13 – Graph showing the dependence of the probability of undetected defects (Pund) on the uncertainty ratio σφ/σs [p. 45]

In the graphs shown, the top curve 1 corresponds to the standard values SL=Su=Savg±Ϭs, the middle curve 2 – SL=SU=Savg±2∙Ϭs, нижняя кривая 3-SL=SU=Savg±3Ϭs. Here Sср – the average value of the monitored parameter, Ϭs – uncertainty (root mean square of the controlled parameter S).

[bookmark: _Hlk215721129]Conclusions on the first section: 
	1The environmental impact in airport areas has increased significantly as a result of the digital transformation of aviation business processes and the growing use of air transport for both cargo and passenger services. In response, new digital technologies for monitoring and measuring pollution levels are being used to monitor air quality in surrounding areas. Based on the above, the author of this thesis decided that experimental and stochastic studies were necessary to assess the capabilities and readiness of Kazakhstan’s civil aviation sector to transition to decarbonization. Based on the results, an algorithm for the transition to next-generation fuels must be developed, which should form the fundamental basis for the development of a corresponding Roadmap for the transition of Kazakhstan’s aviation sector to SAF LCAF.     
	2. The transition to the principles of digital transformation places new demands on the mathematical underpinnings of environmental monitoring systems, involving the use of probabilistic, simulation and agent-based modelling methods. In order to address these new requirements and formal approaches, the following tasks need to be resolved, as applicable to the conditions at “International Almaty Airport” JCS:
· a virtual model of the dynamics of aviation air pollution in the airport area;
· a structural and technological model of a UAV air quality monitoring system in the aerodrome area;
· a fuzzy model of the integral air quality criterion for the built environment of Almaty International Airport JSC;
· a simulation model providing a quantitative and qualitative assessment of the reliability and risks of air pollution monitoring;
· a computer experiment implemented for the numerical assessment of these reliability and risks.- 
· Recommendations were formulated to reduce atmospheric air pollution in the aerodrome zone by transitioning to alternative aviation fuels in accordance with ICAO requirements.
The results obtained were published by the author in [59, 60].





































2. INTEGRATED MODELS FOR AIR QUALITY ASSESSMENT IN AIRPORT VICINITIES
2.1 General methodology for studying the mechanisms of managing the quality of the air environment around airports
Modern high-tech solutions based on digital transformation and the results of fundamental and applied research are widely used in ecological systems operating on the basis of geosystems. Digital transformation is understood as the virtualization of the environment for the construction of global models—this is the accepted approach in science today. Research over the past ten years confirms that this understanding yields results in environmental innovation. It is also enshrined in state programs, where environmental monitoring has been declared a priority scientific area until 2030. Key elements of digital transformation in ecology include artificial intelligence, drones, real-time remote sensing, Big Data, and digital twin technology [61–63]. A digital twin is essentially a mathematical model of an object that is linked to the information processes of reality.
The main content of the current stage of the doctoral dissertation is the development of methodological tools. The development aims to improve the accuracy and reliability of monitoring air pollution levels in aerodrome areas by implementing digital end-to-end technologies in the civil aviation management system in accordance with ICAO regulatory requirements.
- generation of a 3D dispersion model of pollutant components in the atmospheric environment surrounding Almaty Airport, adapted to its specific natural, climatic, and geographic conditions.
- expert assessment and quantification (determination of significance coefficients) of the main pollutants in the aerodrome location and adjacent territories.
- development of a mathematical model for the integrated assessment of human health risks arising from aviation emissions, taking into account meteorological factors.
- synthesis of the structural and functional architecture of a UAV-based multi-agent system for three-dimensional air quality monitoring.
- formalization of environmental risk forecasting algorithms linking statistical parameters of the atmosphere with the dynamic characteristics of a mobile measuring system.
- software implementation of the developed approaches, numerical modeling, and visualization of the results as 3D models.
First came digitalization, and now comes digital transformation. Profound changes in all spheres of human activity, accompanied by an increase in the volume of spatially distributed information, have led to the establishment of the term "digital revolution" in scientific literature. The author's systematization of the key technological solutions involved in this process was conducted based on analytical materials from the Higher School of Economics [61, p. 13] and is presented in the following classification list:
- cognitive and intellectual: neural networks, digital twins, artificial intelligence;
- infrastructure and networking: distributed ledgers and wireless communications;
- quantum computing;
- engineering: smart manufacturing, robotics, sensor technology, smart diagnostics;
- immersive: virtual and augmented reality. 
At the current stage, the mentioned technological solutions ensure the development of high-tech tools, including geographic information systems (GIS) and building information modeling (BIM) systems. This second approach is based on a three-dimensional modeling of the object which integrates with large-scale data, where each component has its own specifications, parameters or characteristics [62, p. 54], and any change to a component automatically updates the information architecture of the entire object.
Digital Twin’ (DT) technology is a 3D digital representation of the real world. DT technology is only just beginning to develop, taking shape in terms of its functionality and information content [63]. However, according to data from IT solutions and business process outsourcing companies, in the near future it is precisely clear that DD is capable of delivering a total economic benefit of up to $1.3 trillion, as well as addressing the global challenge of reducing CO2 emissions by 7.5 Gt. 
At the center, for technology, the integration of technologies based on the use of a seamless 3D plan is being developed. In this case, a key factor in the effective operation of business models is the presentation of source management data (both internal and external) in a unified interface and format. However, in geographic information systems, there is a significant gap between geospatial data and real-world objects: the repeated duplication of the same objects across different projects. If projects are not interconnected, this leads to unnecessary money and resources expenditure  and data begins to contradict each other. 
Today there are no generally accepted models (standards) by which real geosystem objects could be described.
These problems are solved by intelligent systems using digital twin technology. Their architecture incorporates stochastic, simulation, agent-based, and fuzzy modeling methods. DT is – a 3D representation of the real-world environment in digital format.
DD technology is still in its early stages, gradually taking shape in terms of both functionality and information presentation. In environmental monitoring, it provides a virtual representation of the airfield ecosystem as a geometrically structured “point cloud,” making it the most effective means of improving the reliability of data collection and processing.
The study [63, p.92] notes that the use of digital technologies leads to positive trends across a range of performance metrics:
· Reducing production costs;
· Mitigating systemic and operational risks;
· Transition to modern service models;
· Reducing material consumption and organizational burden;
· Increasing sales volumes of goods and services.
To apply DT technology in environmental monitoring using UAVs, it is important to examine how they operate and their practical characteristics in real-world applications. Firstly, DT is a virtual representation of the dynamic characteristics, parameters or modes of an object or ecosystem in real time, and it can effectively solve the tasks like modelling, visualization and forecasting at a high level, whilst representing specific properties and functionalities. Secondly, for the user, a DT acts as a model with an adaptable time-based variable over a wide range, which enable the prediction of an object’s behavior with the application of approximation algorithms.  Thirdly, application of iterative algorithms gives high accuracy of results, ensures significant savings in time and resources. Fourthly, effective visual and technical monitoring tools are applied in order to evaluate and validate the results in practice under various conditions. Fifthly, the control centre enhances the effectiveness of real-time performance monitoring, enabling an immediate response to feedback. This also improves the reliability and operational readiness of facilities and systems, ensuring the restoration of standard functionality. Sixth, the technological solution seamlessly integrates with diverse information systems and databases. This ensures high technical and economic performance throughout all phases of the system's lifecycle—from conceptual design and prototyping to operational use, prototype manufacturing, installation and assembly, testing, maintenance and disposal. During the operational phase, it enables more effective diagnostics with time-based identification and accurate prediction of faults, as well as repairs at earlier stages [64].
All above mentioned practical features of DT gives a confidence that their application within framework of the digital transformation of the environmental and natural resource management sectors facilitates the effective implementation of both fundamental and applied research. These approaches address one of the key objectives of air quality monitoring in environmental protection efforts [65, p. 14]. As a result, data collection and processing within the framework of environmental monitoring at the airfield are significantly optimized, which is a mandatory requirement set forth in the policy documents of many countries and, in particular, in ICAO’s course toward “green transformation. The development of DT in environmental applications focuses on two areas: technological and conceptual. 
[bookmark: _Hlk115152548]In environmental projects, the classification model of the control centre is characterised by the following groups:
- information systems – hardware and software complexes with mathematical and algorithmic support, connected to a real-time control and measurement system to collect current information on the state of the object, transmitting this data in real time to an expert, operator or computer system for analysis and storage of facts and monitoring results in working and external memory; 
Predictive modules are software components that incorporate mathematical algorithms. They automatically generate operational scenarios and predict how an object or system will behave under various conditions, including during the development and design phases of new products.
- operational – VR applications with 3D models for presenting company operations in virtual and augmented reality modes. 
The objective of the current phase of the study is 
- analyzing and identifying priority air pollutants hazardous to humans;
- developing a model for a comprehensive quantitative assessment of their environmental impact;
- formulating a conceptual technological approach to studying controlled airspace.
 	- creating a model for the quantitative and qualitative assessment of risks associated with environmental monitoring.
It should be noted that, despite all the advantages listed above, the integration systems used today have certain disadvantages, namely:
· complexity of the solution's architecture and algorithmic foundation.
· high entry barrier for specialists (interdisciplinary competencies required).
· significant implementation and maintenance costs.
However, the main challenge happens when working with digital twins, the main challenge arises as early as the stage of collecting raw data from a physical object. This process is accompanied by parameter uncertainty and digital transformation during monitoring, which leads to constant updates of the digital field or point cloud due to the uneven nature of the distribution. of pollutants in the airspace. For this purpose, various multi-parameter smart sensors are used [66,67].
Every point in the space of air surrounding an aerodrome is a carrier of data from measurement processes; however, these findings must be justified on the basis of expert recommendations and the conclusions of environmental monitoring specialists.
In general, environmental monitoring is a complex and vital business process within the aviation industry. Therefore, it requires list of environmental indicators and their significance and it must correspond to the specific conditions and socio-economic situation of the state due to their particular strategic role, also the location of the airport, and the scientific and technical capabilities of the service conducting environmental monitoring in the airport area. Traditional methods and technologies for environmental monitoring do not meet these conditions and requirements; Thus, research suggests that when choosing which pollution indicators to measure in an airport area, the natural and socioeconomic conditions unique to that airport must be taken into account. Using the example of Almaty Airport, as the country’s leading aviation hub, new methods, models and technologies will be proposed.
Based on all of the above and existing regulations, it is necessary, with the help of experts, to determine which harmful substances in the air near the airfield are the most dangerous, and to rank them in order - from the most harmful to the least harmful taking into account their significance and risk to human health.
Based on ICAO research and standards, experts updated the list of air pollutants near airports (for example, in Almaty). It includes carbon monoxide, carbon dioxide, nitrogen and sulfur oxides, hydrogen sulfide, ozone, ammonia, and particulate matter. [68]. 
The work is also aimed at conducting an expert assessment and determining the significance coefficients of factors affecting the quality of atmospheric air in the Almaty aerodrome area. The results of the expert analysis are presented in Table 2.1.
 
Table 2.1 – Expert assessment of the significance of air pollution components in the aerodrome area of ​​Almaty airport

	Variant number
	Expert assessment
	Components of atmospheric pollution

	
	
	NO
	CO
	CO2
	SO2
	Н2S
	NO2
	О3
	NН3

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	1
	5,8
	0,214
	0,085
	0,057
	0,128
	0,1
	0,2
	0,171
	0,042

	2
	5,4
	0,144
	0,043
	0,101
	0,217
	0,15
	0,086
	0,188
	0,057

	3
	6
	0,129
	0,096
	0,064
	0,225
	0,145
	0,177
	0,048
	0,112

	4
	7,8
	0,223
	0,089
	0,059
	0,149
	0,134
	0,179
	0,044
	0,119

	5
	6
	0,142
	0,158
	0,047
	0,111
	0,079
	0,190
	0,238
	0,031

	Aj
	 
	0,170
	0,094
	0,066
	0,166
	0,123
	0,166
	0,138
	0,072

	Aip
	 
	1
	6
	8
	3
	5
	2
	4
	7

	Bj
	 
	0,174
	0,095
	0,065
	0,164
	0,123
	0,168
	0,131
	0,076

	Bjp
	 
	1
	6
	8
	3
	5
	2
	4
	7


 
This paper proposes the application of the previously discussed DT technology, where the A digital twin - is a three-dimensional virtual model of an atmospheric object, the spatial structure of which is approximated by the shape of a geometric cylinder with the following parameters: h – the cylinder’s height and R – the cylinder’s radius. The numerical values of the parameters are entered by an operator at the Environmental Control Centre, located in the vicinity of the airport. When examining the controlled space of the cylinder, the DT generates an information array of measured indicators with the following dimensions:

                                                 (2.1)
 
where is the metric discrete step between control points on the surface and within the volume of the cylinder.
The implementation of DT for atmospheric environmental monitoring requires the design of mobile measurement platforms based on UAVs, on which sensors and measuring instruments will be mounted to generate a pollution data vector based on the results of scanning the surface of a virtual three-dimensional volume in the form of a conventional cylinder.
The survey area is defined by the altitude h and the radius R, although it is recommended that the entire airport site be covered.
It is recommended that unmanned aerial vehicles (UAVs) be used as the airborne monitoring and measurement platform, as they are capable of monitoring for a specified duration and lifting the equipment to a specified altitude. The ‘Geoscan 401’ conforms these requirements. Compliance with metrological standards (accuracy, technical feasibility, cost-effectiveness) is a prerequisite for an air quality monitoring system in the aerodrome area.
Reliability is calculated based on a probabilistic assessment of production defects, whereby products are not delivered to the customer due to the presence of defects exceeding the specified limits. To determine reliability, the following expression is used:
                                            (2.2)

where - detectable error due to a false rejection;  - probable error due to a missed rejection.
		Control errors are calculated analytically using formal models newly developed in this study. Mobile monitoring systems are based on UAVs carrying measurement sensors, storage devices, and computing modules for rapid data analysis and processing. The total measurement error is the sum of the individual errors of each device.
        The process of monitoring atmospheric air is carried out within the calculation zone, modeled as a cylinder with specified geometric parameters (height and radius), includes the following steps:- at the start, the initial (‘world’) 3D survey coordinates are set  (X0,Y0, Z0)
- the operator sets the parameters of the cylinder under investigation
- the geometric model of the process includes fixed parameters R and h, while the priority working trajectory of monitoring is laid along the outer surface of the cylindrical volume under study.
- calculation accuracy of measurement of pollution, we use formula (2.1). It is based on the rated accuracy of the instruments that measure chemicals in the air;
based on approximation or step-by-step (discrete) analysis of the calculated surface of the cylinder, discrete trajectory values (∆X, ∆Y, ∆Z) are determined for conducting the experiment in automated mode and are entered into the UAV control system’s program code by the operator.
For example, the drone's technical specifications include: the device is adapted for operation at altitudes from 3 to 500 meters and can accelerate horizontally to 50 km/h. Depending on the payload weight and battery capacity, a single mission can last up to one hour. The system's key advantage is its high navigation accuracy (off-course of no more than 0.6 m), which guarantees detailed 3D scanning of objects and enables innovative approaches to subsequent data analysis, which ultimately enables the construction of accurate 3D models of atmospheric pollution. The example considered clearly illustrates that the integration of UAVs into the monitoring system ensures the prompt formation of two- and three-dimensional spatial models of objects in compliance with regulatory requirements for measurement accuracy.
Spatial measurements over long distances were also achieved by flying at various altitudes and speeds while following the terrain.
Currently, there are software suites available that allow results to be exported to 3D formats: *.gdb, *.accdb, *.mdb. Control algorithms for UAV-based measurement platforms collected pollution concentration data at each spatial coordinate of the “cylinder” (Xi, Yi, Zi). Measurement data was stored in the onboard computer memory during the monitoring session or transmitted to the Control center using wireless technologies, such as Wi-Fi.
The collected spatial data is transmitted to the Environmental Monitoring Center's server to populate a unified database. These datasets are used to create a structured big data system, which is then analyzed in-depth using specialized software.
The commercial market offers both consumer and professional gas monitoring devices; however, when making the final selection of measurement systems or devices particular emphasis should be placed on the ability to control nitrogen dioxide (NO₂), which is a highly toxic component of aircraft exhaust gases, causing lung damage and a decrease in hemoglobin even at low doses. Due to the specific nature of the substance, its detection is not available with all devices, requiring the integration of specialized air quality sensors capable of simultaneously measuring. 
However, this device is expensive and has a high margin of errors. Due to its heavy weight, its use on mobile platforms is limited. However, a portable gas analyzer [69] can be used, with the following specifications: maximum channel capacity and number of monitored gases—5 units; monitored gases—CO, CO2, H2S, Cl2, NH3, O3, O3, SO3, NO3, HC.
The algorithms for preprocessing pollution data from sensors and measurement platforms functionally consist of two steps:
Step 1: Recording raw measurement data in the UAV’s onboard database or on control center servers via wireless networks.
Step 2: Preprocessing the data using neural network methods [61, 62, 63] and subsequently storing the processed results in the database.
- the third stage involves evaluating the statistical similarity of the sample elements using Fisher’s and Student’s criteria after the initial processing of the measurement results; rejection of the homogeneity hypothesis at α = 0.05 indicates spatial or temporal heterogeneity of pollutant concentrations at the measurement points at the airfield., a repeat digital scan of the surface of the 3D environmental cylinder may be performed.
For the hardware implementation of mathematical preprocessing algorithms, the integrated use of a microcontroller board is recommended, in which the first element serves as the microcontroller and the second as the processor [70]. This integrated approach provides the following characteristics:
· real-time data processing;
· 14 input/output ports, 6 of which are designed for interfacing with sensor equipment;
· data connection and transmission are implemented via a standard two-wire serial bus based on a specialized I2C interface;
· parallel connection to one or more printed circuit boards used in the development of electronic devices and prototypes is implemented.
After preliminary processing, the data is accumulated in the onboard database, and after the UAV's flight, it is transmitted to the central BigData database, deployed on the main computing node of the airport's environmental monitoring and control center [71].
The final stage of highly efficient processing of operational data transmitted from the UAV measuring platform includes solving the following scientific and technical problems:
· Development of a mathematical model and evaluation criteria for digital monitoring and optimization of environmental management at airfields.
· Completing a quantitative assessment and forecasting of environmental risks in the presence of air monitoring system parameter uncertainty and data ambiguity.
This phase serves as the starting point for integrating predictive analytics algorithms into the environmental monitoring system.
2.2 Development of an integrated air quality assessment criterion for the vicinity of airport
The management and monitoring functions within the airport area’s air quality control system constitute a complex structure involving numerous parameters. Evaluation of the environmental condition of the air and identifying sources of pollution fall within the scientific field known as diagnostics. To monitor atmospheric pollution caused by toxic substances resulting from aircraft engine emissions, a set of parameters known as diagnostic indicators is used. A critical issue in diagnostic system is the high degree of uncertainty of existing standards and regulations, namely in maximum permissible concentrations (MPCs). Because it has statistical nature and parametric ambiguity of the data, it is not clearly defined. Nowadays, there are thousands of such standards covering many different pollutants with different MPCs. Accordingly, it is important to find out MPCs for each ingredient, which is the main thesis of this section.
Statistical data on emissions of harmful substances at airports worldwide shows that the main harmful components from operating gas turbine engines are: carbon oxides, nitrogen oxides, hydrocarbons, and aerosols. The assessment of harmful substance concentrations in the atmosphere is carried out in two ways: firstly, separately by each component and secondly using integrated approach based on a using several key pollution components. However, regulatory documents in many countries have introduced the concept of a second-type approach, which encompasses a range of diverse risks—from physical and economic to geological, social, individual, and others. Quantitatively, the integral risk Rs is estimated as the sum of the products of the magnitude of damage and the probability W of events i causing this damage. Damage is a measure of economic or other material losses.
 In each specific case, damage is assessed using a specific specialized methodology.
Currently, there are over a thousand approved and active maximum permissible concentrations (MPCs) for various pollutants. The assessment of the integral index of atmospheric pollution is carried out on a three-component scale of levels: permissible, moderately hazardous, hazardous, and extremely hazardous. The application of current standards in specific urban ecological conditions is ineffective and impractical.  Therefore, an expert study of the area surrounding Almaty airport was conducted via an online survey of specialists, which differs from the method and results of the previous case. Experts were provided with a questionnaire containing a table, symbolically represented as follows [72,73]:
1.	К1- СО - carbon monoxide;
2.	К2 -  СО2 – carbon dioxide;
3.	К3 - NO –nitrogen oxide;
4.	К4 - NO2 – nitrogen dioxide
5.	К5- HС – hydrocarbon;
6.	К6 - CHO –methanal
7.	К7 - SO2 – sulfur oxides;
8.	К8 - PM2,5 и PM10 – fine solid particles;
9.	К9 - soot 
10.	К10 - smoke 
Results of questionnaire have been presented in 20 point scale and presented in table 2.2.

Table 2.2 – Estimation of pollutants 
	№ expert
	Ingredients of air pollution 
	Overall score

	
	К1
	К2
	К3
	К4
	К5
	К6
	К7
	К8
	К9
	К10
	

	E1
	16
	20
	17
	15
	19
	18
	14
	13
	11
	9
	152

	E2
	15
	19
	10
	11
	18
	17
	8
	20
	13
	12
	143

	E3
	14
	17
	16
	19
	13
	15
	20
	18
	12
	10
	154

	E4
	10
	15
	14
	13
	18
	19
	9
	11
	20
	16
	145

	E5
	19
	14
	11
	8
	12
	20
	16
	13
	18
	17
	148



Since each expert uses an absolute rating scale when evaluating the indicators submitted for review, it is necessary to convert all numerical scores to a dimensionless relative scale within the range of one. To do this, each expert’s individual score is divided by the sum of all scores in that expert’s row in Table 2.2.   Results of relative data are presented in Table 2.3

Table 2.3 – Relative evaluation criteria
	№ expert 
	Ingredients of air pollution 

	
	К1
	К2
	К3
	К4
	К5
	К6
	К7
	К8
	К9
	К10

	E1
	0,105
	0,132
	0,112
	0,099
	0,125
	0,118
	0,092
	0,086
	0,072
	0,059

	E2
	0,105
	0,133
	0,070
	0,077
	0,126
	0,119
	0,056
	0,140
	0,091
	0,084

	E3
	0,091
	0,110
	0,104
	0,123
	0,084
	0,097
	0,130
	0,117
	0,078
	0,065

	E4
	0,069
	0,103
	0,097
	0,090
	0,124
	0,131
	0,062
	0,076
	0,138
	0,110

	E5
	0,128
	0,095
	0,074
	0,054
	0,081
	0,135
	0,108
	0,088
	0,122
	0,115



On the basis table 2.3 is formed rank table, namely, where maximum score in the line has high ranking and etc. The rankings are shown on table 2.4.

Table 2.4 – Ranking scores 
	№ эксперта
	Ingredients of air pollution 
	Overall score

	
	К1
	К2
	К3
	К4
	К5
	К6
	К7
	К8
	К9
	К10
	

	E1
	5
	1
	4
	6
	2
	3
	7
	8
	9
	10
	55

	E2
	5
	2
	9
	8
	3
	4
	10
	1
	6
	7
	55

	E3
	7
	4
	5
	2
	8
	6
	1
	3
	9
	10
	55

	E4
	9
	5
	6
	7
	3
	2
	10
	8
	1
	4
	55

	E5
	2
	6
	9
	10
	8
	1
	5
	7
	3
	4
	55



The quality of the expert assessment is evaluated based on the degree of agreement among the experts; for this purpose, Spearman's rank correlation coefficients are used [74].  [image: ]  

                                        (2.2)
j – the current number of the ingredient being evaluated;
i – the expert’s number.
SSCO – the deviation of the selected comparison option;
SMDV – the maximum deviation value.

The results of the rank correlation analysis are presented in the table 2.5

Таблица 2.5– Correlation estimation of expert’s opinions

	№ эксперта
	E1
	E2
	E3
	E4
	E5

	E1
	1
	0,346
	0,176
	0,103
	-0,16

	E2
	0,346
	1
	-0,164
	-1
	0,139

	E3
	0,176
	-0,164
	1
	-0,69
	-0,44

	E4
	0,103
	-0,999
	-0,685
	1
	0,249

	E5
	-0,164
	0,139
	-0,442
	0,249
	1



For the final stage of summarizing the results of the expert review, it is necessary to assess the level of competence (the expert’s level of qualification in a specific field of study). Most often, an expert’s competence is assessed through peer review by the experts themselves. The peer assessment of experts’ competence is calculated as the arithmetic mean of all experts’ opinions regarding each individual expert. The peer assessment data are presented in Table 2.6.




Table 2.6– Peer assessment data

	№ 
E[perts
	E1
	E2
	E3
	E4
	E5

	
	
	
	
	
	

	E1
	18
	20
	14
	11
	16

	E2
	20
	19
	17
	14
	12

	E3
	9
	15
	12
	16
	20

	E4
	10
	18
	19
	20
	15

	E5
	7
	20
	17
	16
	13

	Мi
	12,8
	18,4
	15,8
	15,4
	15,2



The final calculations of the aggregate ranks of the indicators under review are presented in Table 2.7, both with and without taking expert competence into account.

Table 2.7 – Final results of the indicator importance assessment
	№ эксперимента
	Ki
	Ingredients of air pollution

	
	
	К1
	К2
	К3
	К4
	К5
	К6
	К7
	К8
	К9
	К10

	E1
	12,8
	0,105
	0,132
	0,112
	0,099
	0,125
	0,118
	0,092
	0,086
	0,072
	0,059

	E2
	18,4
	0,105
	0,133
	0,070
	0,077
	0,126
	0,119
	0,056
	0,14
	0,091
	0,084

	E3
	15,8
	0,91
	,11
	0,104
	0,123
	0,084
	0,097
	0,13
	0,117
	0,078
	0,065

	E4
	15,4
	0,069
	0,103
	0,097
	0,09
	0,124
	0,131
	0,062
	0,076
	0,138
	0,11

	E5
	15,2
	0,128
	0,095
	0,074
	0,054
	0,081
	0,135
	0,108
	0,088
	0,12
	0,115

	Weight
	
	0,006
	0,007
	0,006
	0,006
	0,007
	0,008
	0,006
	0,0065
	0,0064
	0,005

	Ranks
	
	6
	2
	7
	9
	3
	1
	8
	4
	5
	10



To further develop an integrated air quality criterion for the area surrounding the airport, expert rankings and weighted numerical assessments of pollution components are expected to be incorporated into appropriate formal models. The modeling of air quality management and monitoring processes takes place in a context of parametric uncertainty regarding natural resource users and model data uncertainty; For these reasons, the methodological basis of the work was formed by the apparatus of fuzzy set theory [75, 76, 77, 78]. The fuzzy models and algorithms used are oriented towards the processing of linguistic variables, which allows for the formalization of input parameters expressed in the form of qualitative concepts of natural language and minimizes the need to use rigid numerical constants. Quantitatively, a linguistic variable is expressed through the elements of a fuzzy model—the “terms.” Each term (linguistic meaning) has its own "weight" relative to the system's quality indicator. Due to the impossibility of directly calculating weights using formal mathematical formulas, this methodology uses an expert ranking procedure. According to the results of the previously conducted expert analysis, each of the linguistic variables under consideration is assigned a certain weight value. A graphical interpretation of the development of the integrated quality criterion for the fuzzy environmental control algorithm under study is presented in Figures 2.3–2.10. The hazard level state space is differentiated into four discrete ranges (zones) based on their percentage values. Each range is assigned a target parameter weighted using a specific weighting coefficient: low-hazard; – moderately hazardous; – highly hazardous; 4–extremely hazardous. The visualization of the structure and topology of fuzzy models for the case under consideration is presented below.
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3. К3  – Linguistic variable « К3 – NO nitrogen oxide.
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Figure 2.5 – Level of pollution NO
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Figure 2.6 – Level of pollution Nitrogen dioxide 

[bookmark: _Hlk122961658]5. К5 - Linguistic variable К5 –  HCμ
%
0
10      20         30         40         50         60         70          80        90        100
1
Low hazard
Moderately hazardous

Highly hazardous
Extremely hazardous
опасно



Figure 2.7 – Level of pollution HC

6. К6 - Linguistic variable К6 - NO2
[image: ]
Figure 2.8 – Level of pollution NO2
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8. К8 – Linguistic variable К8 – PM2.5, PM10μ
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9. К9 – Linguistic variable К9-Soot
Figure 2.11 – Level of pollution - smokeμ
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The literature recommends using the following analytical expressions for gasification:


(2.2)

where MF – function; a, b, c, d – trapezoid parameters. 
Statistical analysis of the parameters a, b, c, and d is the next step. This is necessary because these parameters of the trapezoidal membership function are random: they were specified, not calculated analytically by experts with a degree of subjectivity. To study the quality of control under conditions of statistical uncertainty in the data, a simulation model is required (provided in Appendix A), in which the values of the trapezoidal parameters will be generated randomly according to a specific distribution. As a result of the simulation model algorithm, specific values for uiaver and σi are generated, which are of independent significance within the information system.
 	In preparation for further calculations, weighting coefficients are determined for the aforementioned quantitative and qualitative characteristics, expressed through linguistic variables and their terms. The weighting parameters are systematized and presented in Table 2.8.

Table 2.8 – Weights of terms
	Name of contaminant
(Linguistic variable Yi)
	Weight of linguistic variable
    (ωi)
	Weight of terms

	
	
	λ 1
	λ 2
	λ 3
	λ 4

	1. Level of pollution СО
	0,136
	0,094
	0,166
	0,178
	0,270

	2. Level of pollution СО2
	0,119
	0,265
	0,305
	0,135
	0,186

	3. Level of pollution NO
	0.23
	0,202
	0,252
	0,235
	0,309

	4. Level of pollution NО2
	0,117
	0,221
	0,272
	0,245
	0,2609

	5. Level of pollution НС
	0,115
	0,243
	0,241
	0,286
	0,228

	6. Level of pollution NO
	0,272
	0,305
	0,119
	0.239
	0,265

	7. Level of pollution SO2
	0.24
	0,096
	0,231
	0,332
	0,339

	8. Level of pollution PM2.5, PM10
	0,109
	0,103
	0,242
	0,328
	0,324

	9. Level of pollution - soot
	0,305
	0,272
	0,221
	0,286
	0,272

	10. Level of pollution - smoke
	0,221
	0,286
	0,119
	0.23
	0,305



The physical characteristics of the monitored impurity, recorded by sensors, are transformed into relative percentage values, taking into account the established MPC. During the pre-processing stage, this data is subjected to fuzzification, during which the fuzzy value of the corresponding linguistic variable is determined using the equation:
                                               ,                                              (2.3)

Notations: yi is the current quantitative normalized fuzzy estimate of the i-th component of pollution, considered as a linguistic variable; ωi is the weight of the i-th linguistic variable established by the expert group; xij is the current j-th value of the i-th linguistic variable, measured as a percentage relative to the maximum permissible concentration (MPC). Figure 2.13 shows the algorithm of the fuzzy computational procedure in graphical form [48].
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Figure 2.13 –Step-by-step calculation of the fuzzy value of a linguistic variable
Note – Based on [37]

Table 2.8 presents the quantitative and qualitative parameters of the linguistic variables and terms used in calculating equation (2.2). The algorithms for pre-processing the control data are implemented on the basis of an electronic module interfaced with a microcontroller using software implementing a neural network model (Fig. 2.14) [40, 41]. The neural network model (Fig. 2.14) functions as an integral operator over ten input channels. This solution is deployed as a software module within the digital operating system for controlling the object (the digitalization process). The resulting integral value of the expert assessment (activation function) is calculated using expression (2.2).
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х1 – an undefined value of a linguistic variable;
ωi - the weight of the i-th linguistic variable.

Figure 2.14- A neural network model for weighted summation of results from differentiated fuzzy evaluation
Note – Compiled based on the source [51]

In real time, based on data collected over a specific period of time at the Almaty Airport control center, a comprehensive indicator of the quality of the controlled airspace—let's call it Q—is calculated. The formula for calculating it is as follows:                             
[bookmark: _Hlk123022630]Q=                                                      (2.4)

where yi is the current linguistic variable describing the quantitative fuzzy normalized estimate of the i-th pollution component;
ωi is the weight value for the i-th linguistic variable, determined by experts.
The resulting quantitative fuzzy estimate Q does not provide the decision maker with a qualitative representation in a standard verbal (normatively established) form. This problem corresponds to the final stage of formal processing of environmental monitoring data for a monitored area—in this case, the area near an airfield. This problem is solved using a so-called desirability scale; a clear illustration of this principle is shown in Figure (2.15) [74, p.]. 



Figure 2.15 – Graphical model of the generalized
desirability function
Note – Based on [74]

By means of inverse transformations it becomes possible to find threshold values ​​of controlled parameters that ensure the standard level of air quality, which can be formalized in the form of scores or a desirability function.
2.3 Formalization of quantitative assessment and forecasting of air quality in the vicinity of airport
A virtual paradigm for digital monitoring of spatial pollution in the airport environment is the subject to multifactorial anthropogenic impacts, particularly air pollution. The overall objective consists of: studying the Assessing spatial air pollution at the Almaty airport hub and creating a digital air quality management ecosystem. The project includes the development of a functional management model, 3D visualization of environmental processes, the creation of a digital twin of the site, and the implementation of innovative IT tools for continuous monitoring and forecasting of air quality.
The multifunctional digital transformation platform consolidates a stack of advanced technological solutions, including sensor robotics, digital twins, Big Data and fog computing technologies, laser systems, visible light communications (VLC), immersive technologies (VR/AR), neurotechnologies, artificial intelligence, and additive manufacturing. In the context of this study, the "Robotics and Sensor Technologies" area has priority scientific and practical significance. This choice is driven by the need for high-precision air monitoring in the aerodrome area, which is implemented through multisensor systems operating on various physical principles of pollutant detection. Information exchange within the system is ensured by new-generation "wireless communication technologies" based on the principles of atmospheric optical (VLC) and satellite communications. [45, p.25]. VLC technologies provide high information security against electromagnetic interference.
“Neurotechnologies and artificial intelligence” in this work involve decision support systems based on neural principles.
“New production technologies” integrate mathematical modeling and product lifecycle management (smart design).
The use of virtual and augmented reality technologies enables the implementation of a paradigm for monitoring and controlling the quality of the airfield environment in the face of data uncertainty and parametric ambiguity of control agents.
Based on an analysis of the technical and economic indicators of these digital technologies, a structural and functional model for air quality management in the Almaty airport area was developed, which is presented in Figure 2.16.
This model for studying air quality in the Almaty Airport area proposes a combination of digital technologies and technological solutions that fundamentally improve the technical and economic characteristics of the controlled system.
The innovative digital monitoring system for natural and man-made processes that generate risks for socio-economic infrastructure facilities is distinguished by its increased accuracy in assessing the operational situation. The structural advantage of the system's architecture lies in the algorithm for operational three-dimensional ($X, Y, R$) spatial discretization of the air basin, adapted to specified environmental pollution criteria. In accordance with the presented structural diagram (Fig. 2.16), the platform's functional basis consists of the following components: an Earth remote sensing (ERS) subsystem, providing satellite monitoring of the underlying surface; a global navigation satellite system (GNSS) module for high-precision positioning; an unmanned aerial vehicle (UAV), acting as a mobile measuring complex for vertical-horizontal sensing; and a geoportal—the state information system for space monitoring. The autonomous user (ATC) is the Environmental Monitoring and Control Center of Almaty International Airport. 
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Figure 2.16 - Functional and technological model of a space-based monitoring system for natural and man-made phenomena and threats

The structural and functional model illustrated in Figure 2.16 clearly reflects the nature of information interaction and end-to-end integration between the departmental environmental service of an airline and the national environmental monitoring system [75–77].
The proposed modeling solution allows us to visualize air quality in three dimensions and link it to specific coordinates on the ground. The key feature of this method is that it creates separate longitudinal and transverse "slices" that show how the concentration of harmful substances changes at any point in the studied area.
When working with three-dimensional models of the study area, The main methodological challenge is determining where exactly the pollution cloud ends. Harmful substances disperse unevenly in the air, without proper geometry. This makes it difficult to create a grid of measurement points, challenging to plot monitoring routes, and the process is expensive. To overcome these limitations, the use of unmanned aerial systems (UAS) has been proposed. Drones greatly simplify data collection: they can quickly scan the air in multiple dimensions—both horizontally (mapping the area) and vertically (creating vertical cross-sections).
The use of UAVs in environmental monitoring systems offers fundamentally new analytical capabilities. Drone integration into the monitoring system allows for two positioning modes: manual and automatic (programmed flight). The appropriateness of a particular mode is determined by the nature of the flight mission.
Based on a preliminary analysis, it was determined that a three-dimensional cylindrical geometry is the most feasible for approximating the study area. This shape significantly optimizes both manual and programmatic control of the UAV's trajectory. Due to existing system limitations, a virtual spatial-informational atmospheric “cylinder” was chosen as the main abstract model, the graphical representation and key parameters of which are described in detail in Figure 2.17.
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Figure 2.17 - Virtual 3D spatial-information model of an atmospheric object

The spatial coordinates of the virtual cylinder are described by a three-dimensional point (Xi; Yi; Rn), where the geometric parameters R and H denote the radius and height of the cylinder, and hj is the fixed height of the j-th horizontal information slice. The outer lateral surface of the cylinder with area S – is formalized as a two-dimensional array of monitoring data reflecting the distribution of pollution components along the entire perimeter. The structural matrix of the information data is shown in Figure 2.18.
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Figure 2.18 – Structure of the measurement data array for the monitored pollutant component.
Each element of the resulting two-dimensional array contains the measurement result of the concentration of a specific pollutant at a given spatial point on the lateral surface of the cylinder, designated as xj. The dimensionality of this array is determined by regulatory requirements for the accuracy of environmental monitoring. This structure is approximated by a finite set of discrete intervals (quantization steps) along the horizontal axis (perimeter) of the cylinder and a given number of segments along its vertical axis H. In these conditions, the number of discrete elements along the perimeter of the cylinder is determined by the following ratio:
                                                       (2.5)

where – radius of cylinder; m – number of cells along the perimeter.

The number of cells along the height of the cylinder is determined by the expression 

		                                       (2.6)
where – height of cylinder;  n – number of cells along height

A method based on simulated sampling is used for the search here. The operator manually sets the ∆x and ∆h parameters (sampling steps). The smallest possible step is limited by the drone's positioning accuracy. The number of grid cells is equal to the number of components being monitored—in our case, 10 (k = 10). By varying the ∆x, ∆h, and ∆R sampling steps, we can construct a complete three-dimensional picture of how the atmospheric pollution density is distributed within our 'cylinders.' By scaling the radius of the controlled zone, the spatial distribution of pollutants is monitored within the integrated volume, at discrete altitude levels, and across 10 independent target components. The use of 3D modeling for gas degradation and dispersion is a key factor in improving the accuracy of predictive assessments of the atmospheric phenomena under study.
Figure 2.19 [46, p.228] presents a structural and functional model of digital air quality monitoring, implemented within a process-oriented paradigm. The object of monitoring is the air quality monitoring system in the airport zone. During the operational activities of the airfield complex, monitoring of environmental parameters in the controlled area is carried out in a continuous mode with a regulated discreteness of measurements in accordance with current regulatory and technical standards. Observation data in absolute physical units, after preliminary statistical processing, are accumulated in a common big data warehouse in the form of distribution functions F(x) – in accordance with the concept of digital transformation of the monitoring system.
Measurements of atmospheric pollutant levels are presented in absolute physical units. To verify the calculation models, a correlation analysis is performed between field measurements and theoretical emission indicators (obtained through calculation and analysis based on laboratory fuel efficiency data). The indirect diagnostic function f(S) is used as a mathematical convergence criterion. 
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Figure 2.19 - A structural-process model of control in an environmental monitoring system [46]
Note – Compiled from the source [46]

The measurement information is verified in the form of the parameter Smeas At the first (onboard) level of logic, an express comparison of the value Savg with reference tolerances is performed for dichotomous classification ("meets/does not meet requirements"). The second (stationary) level involves transmitting the data to the ground-based environmental monitoring center for retrospective in-depth analysis [78].
When a stationary environmental monitoring center operates, the technological process is controlled by a central control system. The monitoring process traditionally includes three key stages: measuring physical quantities, comparing the results with maximum permissible concentrations (MPCs), and deciding whether to conduct monitoring. Measurements are strictly regulated by regulatory documentation, which prescribes the use of specialized equipment.
As scientific and practical research shows, monitoring effectiveness is a function of many random factors, which generate operational risks. To verify and calculate monitoring risks, the mathematical apparatus of probabilistic and simulation modeling is used [47, 48, 49, 50]. Computational experiments demonstrate that these risks are only partially due to instrumental error of the equipment. They are primarily influenced by the superposition of statistical and regulatory characteristics of the measuring channels and decision-making algorithms.
Since known publications have only considered local structures of initial conditions, the problem of determining the total number of potential combinations of input parameters was solved in [47, p. 98]. The results of the combinatorial analysis and calculations are summarized in Table 2.14:

Table 2.14 – Possible combinations of distribution laws for the initial conditions of the control system [48, p.23]

	Laws Z(Smsmt)
	The law of psychotypes
	Regulations 
	Regulations on the distribution
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Table 2.19 provides just a few examples of possible combinations, both between agents and in terms of the statistical distribution laws governing the parameters of control agents. The agent-based approach makes it possible to investigate the autonomous behavior of system objects—agents—as well as the behavior of the entire system as a whole. In agent-based modeling, the researcher focuses on the behavioral rules of individual discrete objects (agents), the cumulative effect of whose interactions shapes the emergent properties of the system as a whole. This approach represents a classic type of bottom-up modeling [79, 80]. Calculations confirm that a single controlled parameter generates 729 possible combinations of control actions and distribution laws. Each variation requires the development of a separate analytical or simulation model. The determination of optimal distribution laws is tied to a specific object and based on empirical data.
2. Development of models for the quantitative assessment of control risks under a one-sided constraint.  The objective of the current stage is to formalize a quantitative risk assessment for instrumental monitoring of atmospheric pollution levels in the presence of parametric uncertainty in the behavior of entities managing the quality of the environment under study. The working hypothesis is based on the following assumptions:
-  A preliminary literature review (see Section 1) has established that air quality management in industrialized urban environments is a complex non-deterministic system.
-  Control is a crucial component of the management system.
- In this study, monitoring is represented by the following operations: measurement, comparison of measurement results with standards, and decision-making.
 -  Monitoring parameters are statistical in nature, which gives rise to monitoring errors and risks that have a probabilistic quantitative dimension – ‘probability of false rejection PFR’, ‘probability of undetected rejection PUR’.
- Expert methods are used for a qualitative analysis of control risks.
- Quantitative assessment and forecasting of management risks are impossible without the use of formal mathematical methods and modeling tools.
– Effective decision-making in multiparameter systems operating on probabilistic principles requires a shift from intuitive approaches to rigorous systems analysis and digital analytical tool is practically impossible without quantitative assessments. For this purpose and the research objective, a considerable number of models have already been proposed in numerous publications; these models incorporate integral expressions known as ‘probability integrals’ into their computational algorithms [81]. Direct numerical integration of improper integrals within the proposed model is impractical due to the increased cumulative error and computational time constraints. In the developed software, this problem is solved by using a tabulated special function erf(x), integrated into the standard Python libraries [82], which guarantees high accuracy and speed of the algorithm. Utilizing the capabilities of this language, an algorithmic model was developed in this work that greatly simplifies the computational process. Figure 2.20 presents a graphical model illustrating the quantitative assessment of control risks under deterministic upper norming.

[image: ]

Figure 2.20 – Model of the formation of errors in air pollution level monitoring





Here: – probability density function S; – probability density function of a random error; – the arithmetic mean of the diagnostic parameter; – upper limit of the parameter S; 3σ- three-sigma interval.
An algorithmic-probabilistic model of error formation in air pollution level monitoring is shown in Figure 2.21.
An algorithm is a concise description of the process under investigation. Algorithms can be descriptive (text-based), formal in block format, or meta-algorithms incorporating linguistic (text-based) elements into the algorithm’s structure. In this case, the formal variant has been used in the algorithmizing, which is ‘hosted’. An algorithm is of no interest in itself unless it is implemented in software form in a particular algorithmic language. Therefore, the algorithm must be understandable to a programmer.
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Figure 2.21 – An algorithmic-probabilistic model of the formation of errors in air pollution level monitoring

In this algorithm, Block 1 receives the input data for computer simulation: the standard deviation of the controlled parameter – ss; the standard deviation (Type A uncertainty) of the measurement result of the controlled parameter – Sy; the mean of the distribution of the controlled parameter – Saver; the number of repeated measurements (simulations) – K [83, 84]. In block 2, the sampling intervals of parameter S – ∆S – are calculated. Here, ∆S represents the level of detail in digital modelling. In block 3, a loop over variable I is initiated. Block 4 contains the i-th interval probability PAi. Block 5 contains the i-th control error probability. Block 6 contains the product of the probability of the true value in the i-th interval and the control error. Block 7 accumulates the interval control results. Block 8 records the probability of undetected defects – Pud.
The algorithm for calculating the probability of a false rejection, Pfr, is shown in Figure 2.22. The operation of algorithm 2.22 is similar to that of Algorithm 2.21, with one exception: in block 5, the operation of converting the computational result into the capabilities of the Python language n is given, in which the function erf(x) is the computational block for calculating the integral value of the probability [82, 83 p.143].
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Figure 2.22 – Model of the formation of errors in air pollution level monitoring

These algorithmic models for estimating control errors (risks) under a one-sided upper bound enable the process of predicting control quality to be automated.
3. The influence of the statistical properties of maximum permissible concentrations of atmospheric pollutants on the quality of the control system. In previous formalisations of the processes of assessing and forecasting control risks, the hypothesis was put forward that the standard is deterministic. However, recent studies demonstrate that standards are not deterministic quantities by nature, starting with the methods used to justify them [84]. One of the main methods for justifying standards is statistical, which supports this hypothesis. In environmental research, this problem was first addressed in the literature and published in a textbook authored by Mazur I.I. [85]. Consequently, Based on the formulated hypothetical assumptions, the aim of this study is to develop and theoretically substantiate a comprehensive mathematical model for assessing and predicting the risks of environmental control, operating under conditions of parametric uncertainty and the non-deterministic nature of regulatory standards.
As an example, this paper considered a hypothetical case in which the controlled parameter, random measurement error, and reference value are normally distributed. The way control errors arise under such a random specification is shown in Figure 2.17 (a graphical diagram). Under the proposed hypothesis, the probability density function of the specification value is as follows:
                                          (2.7)
                                          
where σв – standard deviation of the expected distribution; Хвср – mean of the standard deviation.
Figure 2.22 shows the probability density function f(x) of the controlled parameter.The graph of θ (Xb) represents the probability density function of the upper limit, as upper limits (MPCs) apply in environmental contexts. The mean value Xavr is the centre of the uncertainty (dispersion) range of the upper limit. As the use of probabilistic modelling in this formulation of the problem leads to a sharp increase in simulation time and a loss of accuracy, a simulation modelling approach will be used for this reason. During each simulation cycle, the first step is to ‘run through’ the values of the current standard Xiv, after which the further trajectory of the simulated control process will be carried out in a manner analogous to the examples already considered above. The difference between the simulation variant of the model lies in the fact that, in a probabilistic model, as is well known, the probability of a specific value of X is zero. In the simulation model, this value can be ‘simulated’ using the necessary random number generator.
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Figure 2.23 – Block diagram illustrating the modelling of decision-making errors under a random criterion

Based on this static model, which schematically represents the control process whilst taking into account the statistical component at all stages of control, a dynamic simulation model was developed. This model implements the control process using the Python programming language, which significantly simplifies numerical integration and the derivation of the final result. The algorithm of the simulation model is shown in Figure 2.23.
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Figure 2.23 – A simulation algorithm for assessing reliability under a random standard
 
In this algorithm, the following data are input into Block 1: the standard deviation of the controlled parameter – ss; the standard deviation (Type A uncertainty [74,75]) of the measurement result for the controlled parameter – Sy; SU – the standard deviation of the upper specification limit for the controlled parameter; Savg – the arithmetic mean of the distribution of the controlled parameter; SU- the arithmetic mean of the upper specification limit of the controlled parameter; the number of measurement cycles – N. In block 2, a variable-based loop is initiated.  
Block 3 generates random values for the current statistical values. Blocks 4, 5 and 7 perform logical analysis. Blocks 6 and 8 accumulate inspection errors as the sum of individual cases. In block 9, the probability of undetected defects (PUD) and the probability of false defects (PFR) are recorded. In block 10, the reliability of the inspection is calculated.
In the case where the controlled parameter is distributed according to the Weibull distribution, one may use its integral form, the probabilistic model proposed in [44], which takes the following form in its final form.



(2.8)

 For false rejection

 (2.9)

These mathematical expressions utilise the Weibull statistical distribution law [51, p. 121]. This law is universal, as varying the value of the shape parameter β allows for the interpretation of various distribution laws [50, 86]. Thus, when β = 3.25, a normal distribution is modelled. The location parameter α is derived from statistical experimental data and determines the initial point of dispersion of the experimental data.
Conclusions on the second section.
In the modern situation, in the context of applying the geosystem approach to monitoring and managing anthropogenic atmospheric pollution, technologies based on the digital transformation of business processes and grounded in the results of fundamental and applied research are being increasingly adopted. The digital transformation of environmental monitoring processes relies on the virtualization of physical objects to create global predictive models. This trend aligns with cutting-edge scientific and technological progress, which calls for the creation of a unified information space for the operational monitoring of anthropogenic impacts on the biosphere. Research from the past decade confirms that this environment, the digital transformation of environmental innovations is developing., including in the aviation industry, should be considered.
2. During the theoretical research conducted in this section, the following approaches and models were proposed for assessing the quality of control and monitoring of the airfield: a virtual model of a digital twin of air pollution in the vicinity of Almaty Airport was constructed; a structural and technological diagram of an air quality monitoring system in the airspace around Almaty Airport using unmanned aerial vehicles was developed; A fuzzy model of a comprehensive air quality indicator has been developed for the Almaty airport's anthropogenic impact zone. Additionally, a simulation modeling suite has been developed to quantitatively assess the reliability and operational risks of the atmospheric environmental monitoring system. 
- An atmospheric cylinder with specified geometric parameters (radius and height) was chosen as the basic element of the virtual information space. The functional and technological model of the UAV-based measuring system enables stable end-to-end data exchange (via VLC or radio communication technologies) with the environmental monitoring center located at the Almaty airport. 
- Software simulation models have been created that provide a numerical assessment of monitoring reliability and associated environmental risks in the airfield area. The models are adapted to operate under conditions of both fixed and parametrically uncertain (non-deterministic) maximum permissible concentrations (MPCs) of pollutants regulating air quality in the airport area. The research materials from Chapter II are published in [87, 88, 89].
































3. EXPERIMENTAL AND STOCHASTIC STUDIES OF THE QUALITY OF AIR POLLUTION CONTROL AND MONITORING IN THE VICINITY OF AN AERODROME
3.1 General methodology for experimental research
The overall aim of the experimental and statistical studies is to collect and analyze the information required to verify the relevance of the theoretical assumptions which have been presented in the second chapter of this thesis and to support objectives and subject matter. The experimental and statistical studies consist passive experiments, involving the examination of documents and statistical reports from the relevant regional organizations, as well as laboratory studies within the available instrumental and material resources of the researcher. The statistical research analysis includes the examination of regulatory documents aligned with ICAO requirements, as well as scientific and practical findings from sources in publicly available periodicals and online resources, and data from the statistical reports of administrative territorial bodies [75, p.265]. 
The first stage of the experimental research aimed to examine commercially available instruments for monitoring air pollution components, taking into account requirements that reflect the existing natural, climatic and weather conditions, as well as the industrial and environmental situation in the study area.  
In general, as numerous studies have shown, the atmosphere of a modern, industrially developed urban environment contains, in varying proportions, a multitude of non-toxic and toxic components, including: O, O2, O3, C, CO, CO2, CH4, CnHm, CnHmO, NO, NO2, N, N2, NH3, HNO3, HCN, H, H2, OH, H2O, SO, SO2, CHO. All of the listed physicochemical constituents are products of the incomplete combustion of petroleum products in the engines of motor vehicles and aircraft. The most harmful to human health are: CO, NOx, HC, CHO, SO2.
Statistical studies were conducted in Almaty at the Civil Aviation Academy. The section on experimental and statistical studies sets out a series of tasks for collecting and analyzing information based on the results of environmental studies in the area surrounding Almaty Airport. 
To assess the quality of environmental monitoring, the experimental and statistical studies aimed to identify statistical laws and characteristics of the empirical distributions of the monitored parameters. Based on preliminary studies and justifications, the sample size ranged from 50 to 100 observations. The obtained empirical distributions were approximated using the normal law and the two-parameter Weibull distribution. For each studied sample, a statistical hypothesis was put forward regarding the nature of the distribution of the random variable and its general parameters [90, 91]. The assessment of statistical significance and testing of the null hypothesis were carried out using the standard method using the Pearson goodness-of-fit test .
The STATISTICA software [92] was used for the statistical analysis of the experiments and for plotting empirical distributions in the form of histograms. 
To statistically test the hypothesis of qualitative heterogeneity in the experimental data measured under different conditions, tests were conducted on the samples presented above using two methods: a method based on Fisher’s criterion and a method for testing qualitative differences in arithmetic means using the t-statistic. As a result of applying this methodology, it was established that the hypothesis of homogeneity of the samples is not rejected by this method at a confidence level of 0.95. 

3.2 Methodology and tools for measuring air pollution levels
The cities is constantly experiencing complex natural and man-made processes causing air pollution. According to data, in Kazakhstan, together with other post-Soviet countries annual emissions of the atmosphere from motor vehicles, excluding aviation, accounts nearly  400 million tons. While natural emissions are difficult to control and do not depend on human activity, anthropogenic emissions can be monitored and managed, which is the subject of the scientific discipline known as environmental engineering [90, p.769].
As literature review shows, current global statistics indicate that health outcomes are influenced by environmental factors to the extent of 20%, by genetic factors to the extent of 20%, by socioeconomic factors to the extent of 55%, and by the quality of medical care to the extent of 10%. 
The harmful physical and chemical components of air pollution are classified by toxicity as follows:
СО – In its gaseous state, it is colorless and odorless.
NOX – the most toxic gas among all the components present in the exhaust gases of aircraft and automobile engines.
Smoke – it is an opaque gas that can be white, blue, or black.
Soot – consists of irregularly shaped particles ranging in size from 0.3 to 100 micrometers.
SO2 – are produced while the engine is running and are extremely harmful to the eyes and respiratory system.
SO2, НС – are very dangerous to vegetation and other wildlife.
The largest number of pollutants is emitted during aircraft takeoff and vehicle acceleration. To reduce atmospheric pollution caused by running engines, various methods and instruments are being developed to monitor the levels of individual pollutants and their components in engine exhaust gases. The release of pollutants into the atmosphere is called emissions. It is practically impossible to assess engine emissions during normal aircraft operation (in flight), therefore, the relationship between emissions of various components is determined under laboratory conditions, where a close correlation was found between the volume of emissions and the volume of fuel consumed by the aircraft, which formed the basis for many pollution assessment methods [71, 72].
Modern air pollution monitoring is largely digitized and carried out using a wide variety of devices and methods. Air pollution (in the broad sense) is measured in two different ways: passively or actively. The most common and simplest method for passively measuring air pollution components is the use of Edward Palmes tubes[93].
Passive devices operate on the principle of absorbing a specific substance from the ambient air into a special filter, which must then be analyzed in a laboratory—a drawback of this method. Active sensors are more effective, but are technically complex and costly to implement. They utilize forced aspiration and air filtration with maximum automation of the measurement process. The analytical circuit of these devices is based on classical physical and chemical rapid analysis methods. The paper [94] describes a semiconductor sensor for monitoring the ambient atmosphere, which can be used in automated systems. Most automated air quality sensors are designed as active measuring systems. An analysis of relevant publications and market offerings revealed that modern air quality monitoring devices range widely in design, from compact household indicators to sophisticated stationary monitoring stations. Based on their data collection methodology, these measuring devices are divided into two main groups: contact and remote sensing. One of the most recent expert reviews of the current market for such devices, conducted by the European Commission, identified 112 models offered by 77 different manufacturers. The level of pollution in a given volume of the atmosphere is estimated by concentration, which is measured in parts per billion (ppb), parts per million (ppm), or in weight units per cubic meter (μg/m³). The integrated assessment of pollution levels in the analyzed air volume is determined based on the Air Quality Index (AQI). This methodological tool has traditionally been validated for monitoring urbanized areas and metropolitan areas.
According to the results of the expert assessment, detailed in the second section of this work, the greatest toxicological danger to human health is posed by air pollution with nitrogen oxides. NOx consists of several compounds: NO (nitric oxide), NO₂ (nitrogen dioxide), and N₂O (nitrous oxide). The fundamental limitation of any measurement process is the conversion of the physical properties of the monitored environment into an electrical equivalent. The efficiency of this process is entirely determined by the internal parameters of the sensor node, making the development, calibration, and drift compensation of sensor characteristics a top priority when building mobile monitoring systems. To generate a useful signal from the sensor, a pair of electrodes made of noble metals (platinum, gold, or palladium) is placed on the surface, and the electrical signal—in the form of voltage or current—is measured, which is a function of the NOx concentration. The NO concentrations monitored under real-world conditions range from 100 to 2,000 parts per million, while NO2 concentrations range from 20 to 200 parts per million, which requires very high sensor sensitivity. An additional challenge in these measurements is humidity, which acts as a parasitic factor [95]. 
SO2 is measured using fluorescence spectroscopy. The operating principle of the optical module is based on UV illumination of a gas sample followed by detection of the resulting fluorescent signal using a photodetector.
CO and CO2 levels are measured using non-dispersive infrared (NDIR) spectroscopy. This method involves irradiating an air sample with infrared light and then measuring the absorption of the light by gas molecules.\
O3- ozone concentrations are determined by measuring the light absorption of an atmospheric air sample; increasing ozone concentrations cause increased absorption according to the Beer-Lambert-Bouguer law. 
Hydrocarbon is measured by gas chromatography as  an effective method for analyzing.
 Among the many air quality monitoring devices currently available on the market from various manufacturers, the following instruments were selected based on criteria such as functional effectiveness, economic efficiency, technical feasibility and adaptability for use on UAVs.
The AVUS-SKZ system is used for automatic monitoring of air purity in the work environment. It measures the level of hazardous pollutants released into the atmosphere as a result of human activity [94]. This system is designed as a mobile unit with a set of data preprocessing tools, as well as the ability to record and store measurement results in the device’s memory. AVUS-SKZ is a multifunctional digital hardware-software system for recording and preprocessing information from sensors that convert physical and chemical parameters of the environment into electrical signals.  The device is designed to perform the following tasks:
-automatic recording and monitoring of pollution levels in the controlled environment;
-collection, storage, and display of data recorded by sensors. 
The atmospheric pollutants monitored by the AVUS-SKZ system are listed in Table 3.1.	
 
Table 3.1 – Air Pollutants Monitored by the AVUS-SKZ Gas Analysis System [97]
	Measurable components
of air pollution
	Type of sensor
	Control range
	Lower limit
	Upper limit

	Carbon monoxide
	п/п
	0 - 200 мg/m3
	20 mg/m3
	100 mg/m3

	Carbon oxide (СО)
	э/х
	0 - 100 mg/m3
	20 mg/m3
	100 mg/m3

	Hydrogen sulfide (H2S)
	э/х
	0 - 30 mg/m3
	10 mg/m3
	 

	Sulfur dioxide (SO2)
	э/х
	0 - 100 mg/m3
	10 mg/m3
	 

	Nitrogen dioxide (NO2)
	э/х
	0 - 20 mg/m3
	2 mg/m3
	 

	Carbon dioxide (СО2)
	opt.
	0 - 5 revolut.%
	0,5 revolut.%
	 

	Oxygen (О2)
	э/х
	0 - 30 revolut.%
	18 revol.% for decrease
	 

	Nitrogen oxide (NO)
	э/х
	0 - 30 mg/m3
	5 мг/м3
	10 mg/m3



The technical specifications of the AVUS-SKZ air pollution monitoring system are presented in Table 3.2 [94].

Table 3.2 - Technical specifications of the AVUS-SKZ air pollution monitoring system

	Gas extraction
	Forced

	Number of monitored gases
	15

	Output signals
	RS-232 or USB

	Units of measurement
	мг/м3, of total., ppm

	Power supply 
	220 V AC (12 V converter)

	Mass, kg
	5,5



The simplified structural-functional model of the AVUS-SKZ-000 atmospheric pollution monitoring system includes the following components:
- a control unit connected via an RS-485 bus to CH₄, C₂H₅OH, and CO₂ sensors, as well as to control relay units
- actuators: ventilation systems, audible alarms, and visual indicators.
The “SKZ Monitoring” software for the AVUS-SKZ system functionally displays data from all connected sensors and tests their operation. Digital technology provides: real-time monitoring of sensor operation; storage of current information; round-the-clock operation logging; determines relay operation logic and automatic transmission of operating commands; and implements database operations. To study the technical and economic performance of air pollution sensors, an analytical review was conducted of the entire range of devices available on the modern commercial market and the sensors used in these devices.
 Experimental and stochastic studies were also conducted to examine the technical characteristics of the following devices and systems: GasAlertMicro 5; MultiRAE Lite;  SOLO-TOCHNOST;   A-1;   A-4M;   A-48;  AVUS-SKZ;  AGAT; AGAT-SV; AGM-500; AGM-505; AGM-510; ALTAIR; ALTAIR-5X; ANKAT; ANKAT-1; ANKAT-micro; ANT; BINOM; GAN. Many of the listed devices and sensors allow for the detection of the same atmospheric pollutants, while possessing different metrological and economic characteristics. To identify the statistical properties of measurement results obtained by various sensors, empirical histograms of the measurement result distributions were constructed. The study was conducted under laboratory conditions using measurements of NO2, CO2, and CO in mg/m3.  Table 3.2 presents a sample of the nitrogen dioxide (NO2) sensors under investigation.
Table 3.2 – List of nitrogen dioxide sensors by price [98].
	№
	Sensor name and type
	Price (tenge)

	1
	AVUS-SKZ. SENSON SD-7032-SM-NO2-2-EX NO2 sensor (0–30 mg/m3), in a plastic housing without a display, electrochemical sensor
	107344

	2
	AVUS-SKZ. Senson SV-5023-SM-NO2-2-EX NO₂ sensor (0–30 mg/m³), in a metal housing with a display, electrochemical sensor
	170083

	3
	AVUS-SKZ. OKA-T-NO2-I23 sensor, “AV” version (IP65), for NO2, -40…+50°C	
	164020

	4
	AVUS-SKZ. OKA-T-NO2-I23 sensor, “AV” version (IP54), for NO2, -40…+50°C
	157150

	5
	AVUS-SKZ. SENSON SD-7033-SM-NO2-2-EX NO2 sensor (0–30 mg/m3), diffusion sampling, in a metal housing without a display, electrochemical sensor
	17715

	6
	AVUS-SKZ. SENSON SD-7031-SM-NO2-2-EX NO2 sensor (0–30 mg/m3), in a metal housing without a display, with RS485, electrochemical sensor
	27715



Each measurement cycle for individual sensors consisted of multiple repetitions, with 50 repeated measurements for each sensor. To eliminate the influence of signal amplification and conditioning units on the measurement results, a single signal processing channel was used. Based on the measurement results, the arithmetic mean and standard deviation were calculated for each sensor. After completing the cycle of studies on individual sensors, a final histogram of the distribution of mean values was constructed, which served as a statistical indicator of the instrumental error of the adopted control methodology. The STATISTICA software [91] was used for statistical analysis of the experiments and for constructing empirical distributions in the form of histograms.
In the first stage, the measurement process for NO2 was investigated, as it is the most toxic to human health. The results of NO2 measurements, in the form of an empirical histogram, are shown in Figures 3.11–3.17.
Figure 3.11 shows a histogram of the distribution of NO2 measurement results obtained using the “Senson-SV-5023” sensor.
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[bookmark: _Hlk125367524]
[bookmark: _Hlk125368362]Figure 3.11 - Histogram of the distribution of nitrogen dioxide (NO2) measurement results obtained using the “Senson-SV-5023” sensor
 
Figure 3.12 shows a histogram of the distribution of nitrogen dioxide (NO2) measurement results obtained using the Senson-SD-7031 sensor.
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Figure 3.12 - Histogram of the distribution of NO2 measurement results obtained using the “Senson-SD-7031” sensor

Figure 3.13 shows a histogram of the distribution of NO2 measurement results obtained using the Senson-SD-7032 sensor.
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Figure 3.13 - Histogram of the distribution of nitrogen dioxide (NO2) measurement results obtained using the “Senson-SD-7032” sensor. The Y-axis shows the statistical frequency intervals.

 Figure 3.14 shows a histogram of the distribution of nitrogen dioxide (NO2) measurement results based on the Senson-SD-7033 sensor.
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Figure 3.14 - Histogram of the distribution of nitrogen dioxide (NO2) measurement results obtained using the “Senson-SD-7033” sensor

Figure 3.15 shows the histogram of the distribution of nitrogen dioxide (NO₂) measurement results obtained using the OKA-I23 sensor.
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Figure 3.15 - Histogram of the distribution of nitrogen dioxide (NO2) measurement results obtained using the OKA-I23 sensor. The y-axis shows the statistical frequency intervals.

Figure 3.16 shows a histogram of the distribution of nitrogen dioxide (NO2) measurement results obtained using the AVUS-DG sensor.

     			5.0                        20                                        50  mg/m3

Figure 3.16 - Histogram of the distribution of nitrogen dioxide (NO2) measurement results obtained using the AVUS-DG sensor
Based on the results of studies on the measurement quality of nitrogen dioxide (NO2) using various instruments that convert the physicochemical molecular composition of air into an electrical signal, and statistical processing of the obtained data, a resulting histogram of the empirical estimation of the measurement uncertainty of the NO2 indicator was constructed based on the average sample estimates of each sensor, as an indicator of the scientific and technical level in this problem. The resulting histogram is shown in Figure 3.17.
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Figure 3.17 – Histogram of the distribution of nitrogen dioxide (NO2) measurement results

This result evaluates only the instrumental component of air pollution monitoring. However, as shown in the preceding section, the quality of monitoring is an integral assessment, quantified as a functional of a set of arguments comprising the parameters of fuzzy control agents and data uncertainty.
Under practical conditions, economic and technological indicators must be taken into account when selecting an effective technical measurement tool. In UAV deployment projects, the weight and dimensions of the equipment are of significant importance.
1.  Geolan-1P Gas Analyzer.  Given the emerging opportunities and existing practice of using UAVs for air quality control and monitoring of a wide range of pollutants, there is growing interest in portable devices.  The Geolan-1P gas analyzer stands out as an effective solution from both a functional and economic standpoint [68, 69]. The Geolan-1P gas analyzer is designed to measure harmful physicochemical anthropogenic pollutants contaminating the atmosphere in a controlled working environment. This device is a portable unit equipped with a data preprocessing system that records and stores measurement results in the device’s memory. Geolan-1P is a portable multi-component gas analyzer, the technical specifications of which are presented in Table 3.1.

Table 3.3 - Technical Specifications of the Geolan-1P Multi-Component Gas Analyzer

	Gas extraction
	Forced with a special probe

	Number of monitored gases
	 8

	Output signals
	RS-232 или USB

	Units of measurement
	мг/м3, % об.д., ppm

	Power supply
	Rechargeable batteries 12 В

	Mass, kg
	2,5



The metrological characteristics of the Geolan-1P gas analyzer are listed in Table 3.4.

Table 3.4. Metrological characteristics of the Geolan-1P gas analyzer
	Controlled contaminant
	 Measurement range
	Relative error limit (%)
	Limit of reduced error (%)

	Nitrogen dioxide (NO2)
	 0 - 200 mg/m3
	± 20
	± 25

	Sulfur dioxide (SO2)
	0 - 500 mg/m3
	± 20
	± 25

	Oxygen (O2)
	0,1 - 100 %об.д.
	± 0,5  
(absolute)
	

	Ozone (O3)
	0 - 2,0 mg/m3
	± 20
	± 25

	Carbon monoxide (CO)
	0,1 - 2000 mg/m3
	± 20
	-

	Carbon dioxide (CO2)
	0,1 - 100 % об.д.
	± 20
	-



 	The Geolan-1P gas analyzer allows you to perform the following operations.
It provides the ability to monitor a wide range of pollutants through an optimal combination of sensors;
The Geolan-1P gas analyzer is designed in a block-modular configuration. The Geolan-1P device contains a microprocessor system with the ability to connect additional devices.  The Geolan-1P gas analyzer contains the following functional components:
- a set of specialized measuring transducers;
- a microcontroller;
- connectors (for connecting additional devices);
- software;
- chemical filters (based on the absorption-sorption principle);
- a liquid crystal display;
- an audio device;
- a rechargeable battery with a charger;
- a power adapter (for charging the rechargeable battery from a 220 V AC mains supply);
- an air flow inducer. 
The microprocessor-based system allows for reprogramming of its operational logic. This system includes:
- a set of gas-sensitive transducers;
- a microcontroller;
- connectors (for connecting additional devices);
- software.
The microprocessor system is designed and constructed as a self-contained unit. To assess the impact of operational load on the amount of pollutants emitted into the atmosphere by engines running on purified fuel, an analysis and subsequent averaging of data obtained during bench tests of various types of engines was carried out. Figure 3.19 shows the dependence of the mass emission of NOx (g/km) on various loading conditions of the system under study [95].
 climbing uphill at 30 mph


Figure 3.19 - NOₓ concentrations in exhaust gases per unit distance traveled (g/km or g/mile) [95].

[bookmark: _Hlk125379172]In order to simulate transient modes (acceleration) of a vehicle, an algorithm for dynamic engine loading was implemented on a specialized test bench. Specific emissions of harmful substances in the exhaust were measured in grams per kilometer (or per mile) of distance traveled. The IM240 test (Inspection and Maintenance) was used for this purpose, where the number 240 denotes the duration of the test in seconds. The levels of HC, CO, and NOx in the exhaust gases are measured every second and recorded in the engine tester’s memory. The figures show that the load leads to a disproportionately large increase in harmful emissions from engines running on petroleum products into the atmosphere.
[bookmark: _Hlk125276621]Under laboratory conditions, the Center for Social Projects LLP conducted a bench test of the Geolan-1P to evaluate the metrological performance of this device when measuring individual atmospheric pollutants. To investigate random error, 10 devices were tested simultaneously. The following components were selected for the study: NO2, SO2, O2, O3, CO, CO2.
Figure 3.20 shows a histogram of the statistical laboratory analysis of nitrogen dioxide (NO2) measurement results obtained using the Geolan-1P instrument.


Figure 3.20 – Histogram of the distribution of nitrogen dioxide (NO₂) measurement results obtained using the Geolan-1P instrument

Test results for the device indicate an extremely high uncertainty, which is 8 mg/m3 for Type A. The tests were conducted using an air humidity filter.
1.  GANK-4RB Portable Multi-Component Gas Analyzer.  The GANK-4RB portable multi-component gas analyzer allows for the automatic monitoring, in a single cycle, of the levels of up to eight pollutants comprising the following chemical components: NH3, C6H6, NO2, SO2, CO, H2S, total hydrocarbons (CHy), and formaldehyde (H2 CO). The technical specifications of the device are given in Table 3.4.

Table 3.4 Technical specifications of the GANK-4RB gas analyzer
	Indicators
	Technical specifications

	Selection:
	Diffusion

	Amount of gases:
	1 – 8

	Output signals:
	RS-485, mini-USB

	Indication:
	digital, visual, audio

	Unit:
	mg/m3

	Power supply:
	Powered by a built-in 12-volt rechargeable battery.

	Mass, kg:
	1,5

	
	
	


The GANK-4RB instrument measures the concentration of pollutants directly by forcing air through a sample using a built-in pump, or by analyzing a pre-collected sample.




Table 3.5 - Metrological Characteristics of the GANK-4RB Gas Analyzer
	Pollutants
	Measurement range,mg/m3
	Relative error, (%)
	Sensor type

	Nitrogen dioxide (NO2)
	0,1 - 20
	±20
	Electrochemical

	Sulfur dioxide (SO2)
	0,25 - 100
	±20
	Electrochemical

	Carbon monoxide (CO)
	1,5 - 200
	±20
	Electrochemical



The GANK-4RB gas analyzer has 8 channels for measuring chemical concentrations. Each of the 8 primary sensors has its own independent microprocessor-based control system for operating modes and data transmission. Figure 3.21 shows a histogram of the distribution of nitrogen dioxide measurement results (NO2).




Figure 3.21 - Histogram of the distribution of nitrogen dioxide measurement results (NO2)

The automatic operating modes of the GANK-4RB gas analyzer are supported by specialized software.
3.3 Experimental studies on the transition of civil aviation to next-generation fuels
3.3.1 Method and algorithm for the transition of civil aviation to alternative fuels
Currently, Kazakhstan’s civil aviation sector has significant potential for growth; therefore, as discussed in Section 1.2, it is necessary to transition to new-generation alternative fuels in order to reduce the carbon footprint.
No fundamental or applied research is being conducted in this area in Kazakhstan; therefore, the author of this dissertation decided to conduct experimental research to assess the status and readiness of Kazakhstan’s civil aviation sector for the transition to new-generation alternative fuels.
The research results will serve as the basis for developing an algorithm, as a fundamental foundation, for constructing a Roadmap for the transition of Kazakhstan’s civil aviation to SAF.
Using the example of hydrocarbon emissions (carbon footprint), the following step-by-step transition method is proposed, with the algorithm presented in Figure 3.23.
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Figure 3.23 - Block diagram of the algorithm for transitioning to alternative fuels

The algorithm shown in Figure 3.23 includes the following steps. 
Step 1. Review of the sectoral reduction and offset program.
Step 2. Analysis of readiness to transition to next-generation fuels.
Step 3. Identification of key factors influencing the carbon footprint using the example of Kazakhstan’s leading airline.
Currently, the system for collecting and disseminating statistical information on air transport in the Republic of Kazakhstan lacks transparency; therefore, the research was conducted using a set of indicators from available information sources [96,97,98]. 
The following materials were used to conduct the study:
- monitoring results from the WORLD EMISSIONS CLOCK, published by the non-profit World Data Lab, 2023; AR6 Synthesis Report: Climate Change 2023 by the Intergovernmental Panel on Climate Change (IPCC);
Quantitative indicators: Statistics on the dynamics of international air travel in the Republic of Kazakhstan and greenhouse gas emissions from civil aviation.
Legal framework: International standards (including ICAO directives) and relevant legislation of the Republic of Kazakhstan governing civil aviation activities.
Corporate reporting: Analysis of operational and environmental reports of Air Astana.
Academic sources: Research papers and expert materials from the research group of the Civil Aviation Academy (Almaty).
The methodological basis of the study was a comprehensive (mixed) approach combining logical-theoretical, comparative, and econometric analysis. Methods of systematization, graphical visualization, and correlation-regression analysis of experimental results were used to process, verify, and interpret the empirical data from statistical observations. Modern computer simulation methods were employed during the predictive modeling stage.
3.3.2 Study of the Sectoral Reduction and Compensation Program
Every country that has signed the Paris Agreement [99] has committed to implementing measures aimed at reducing carbon emissions. However, starting points, conditions, tools, and mechanisms vary from country to country, resulting in differing levels of effectiveness and success. According to greenhouse gas emissions monitoring results published by the non-profit analytical platform, 2023 saw the highest emissions ever recorded. After analyzing carbon dioxide emissions per capita, the analytical platform created a map of the world’s countries (Figure 3.24), conditionally dividing them into three groups: those with high, medium, and low levels of CO2 emissions.
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Figure 3.24 – World map of greenhouse gas emissions per capita in 2023 [99]

An analysis of a world map showing per capita greenhouse gas emissions in 2023 [99] leads to the following conclusion: greenhouse gas emissions are declining across virtually the entire Northern Hemisphere, as well as in Australia and New Zealand. Due to the rapid development of industry and transport and logistics capacity, China and the United States have also joined the critical group as global leaders in carbon emissions. Meanwhile, Australia, Portugal, Peru, and the Republic of Kazakhstan have become newcomers among all countries.
However, decarbonization efforts in Kazakhstan are quite effective, as carbon emissions are projected to be reduced to 324.9 million tons of CO2-equivalent by 2030, and the country plans to achieve full carbon neutrality by 2060 [100].
According to Bakhyt Yeseikin, a member of the Presidential Council on the Green Economy of Kazakhstan, “to achieve the set goals, a fundamental overhaul of Kazakhstan’s current carbon regulation policies is necessary. Therefore, decarbonization of civil aviation requires priority attention, as this fast-growing sector is the main source of carbon emissions in the industry.
This is why the ICAO Strategic Plan for 2050 identifies reducing the impact of civil aviation on climate change and achieving net-zero carbon emissions as a key objective. The same goal is enshrined in the Paris Agreement and the IPCC Climate Change Synthesis Report 2023 [100, p. 459]. 
Looking ahead, ICAO proposes three global goals to reduce aviation’s climate impact:
- Short-term: increasing aviation efficiency by 1.5% per year;
- Medium-term: reducing CO2 emissions through carbon-neutral growth;
- Long-term: achieving net-zero carbon emissions by 2050 [101].
According to ICAO analysis, as a result of the implementation of innovative technologies in aircraft manufacturing, the modernization and development of civil aviation infrastructure, and the improvement of technical and technological solutions, the aviation industry achieved its short-term target with an average improvement rate of 0.6%. Furthermore, the specific indicator reflecting the ratio of fuel consumption and CO₂ emissions to passenger kilometers has decreased by 54% compared to 1990 levels.
The industry is actively trying to improve the effectiveness of planned CO₂ emission reduction projects, as evidenced by the measures developed to achieve net-zero carbon dioxide emissions in international aviation by 2050 (LTAG) for the ICAO Long-Term Plan [102]. Collectively, these comprise three scenarios for potential reductions in the carbon footprint of international aviation, covering the issues of “readiness, feasibility, and ambition” (Fig. 3.25) [103].
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Figure 3.25 Scenarios for reducing the carbon footprint of international aviation, according to ICAO projections [102]
As shown in Figure 3.24, the scenarios are divided into three groups. 
IS1 – is characterized by minimal resource intensity during implementation and embodies a conservative strategy, which can be characterized as "high achievability with low targets." This option is considered the least preferable, as it relies on outdated technology forecasts for 2021 regarding system modernization, increased operational efficiency, and the availability of alternative fuels [104].
IS2 – the "moderate attainability and moderate ambition" scenario—is characterized by a higher degree of ambition. It envisions accelerated implementation of "advanced" technologies, significant improvements in operational efficiency, and increased fuel availability, all while maintaining moderate costs and resource use [105].
IS3 – the "low attainability and high ambition" scenario—is extremely ambitious. It corresponds to the maximum level of expenditure and resource commitment aimed at implementing future technologies and improving fuel efficiency and availability [106].
The analysis shows that the IS3 scenario requires the greatest implementation efforts and a high level of international coordination.
The work [107] emphasizes the importance of systemic integration of innovations and large-scale modernization of technological units of airport and energy complexes.
As the analysis of scenarios IS1–IS3 indicates, CO2 emissions in civil aviation can be reduced by nearly half solely through the use of environmentally friendly aviation fuel. According to the ICAO Consolidated Statement on Environmental Policy and Practice [104, p.41], every country (115 states as of 2023) is called upon to voluntarily participate in the implementation of the CORSIA standard—a key document for ensuring carbon-neutral growth. To achieve this, a gradual transition to the use of SAF must be carried out, with priority given to international flights [108].
Today, Kazakhstan is an active participant in environmental initiatives of the International Civil Aviation Organization (ICAO), becoming a flagship among CIS countries in the implementation of industry decarbonization programs, including projects to transition civil aviation infrastructure to renewable energy sources. Effective solutions are in place, in particular, the gradual transition of air transport to the “clean” Jet A-1 fuel [109]. 
In May 2023, Astana hosted the “1st Kazakhstan Aviation Dialogue: Energy Transition for Sustainable Development and Realizing Central Asia’s Transit Potential” [110], examines key aspects of air transport decarbonization as part of the global goal of achieving carbon neutrality in aviation by 2050. Particular attention is paid to assessing the potential for sustainable aviation fuel (SAF) production in Kazakhstan and the prospects for the national fleet's transition to the Jet A-1 standard. Furthermore, the impact of geopolitical confrontation and economic sanctions on the transformation of the Central Asian region's transit potential is analyzed, as well as other related issues [[111]. This set of measures can be considered the foundation for developing a Roadmap for the transition of Kazakhstan’s civil aviation to next-generation fuel.
This document presents a systematic collection of legal norms and measures that will require a detailed assessment of the readiness and feasibility of the transition to “clean” aviation fuel not only in civil aviation but also in related sectors (in particular, agriculture, transport, etc.), which is the subject of this experimental study.
3.3.3  Evaluation of Kazakhstan's Civil aviation readiness for the transition to next-generation fuel
Currently, Kazakhstani airlines operate international flights to 27 countries via 103 routes. In accordance with the ICAO document “CORSIA Central Registry (CCR): CO₂ emissions of Kazakhstani airlines in 2022 - information and data for transparency” [108], compiled on the basis of data from the Civil Aviation Committee, amounted to over 800,000 tons. Specifically, for each international route, these emissions are characterized by the data presented in Fig. 3.26.



Figure 3.26 CO2 emissions from civil aviation in Kazakhstan according to ICAO document: CORSIA Central Registry (CCR): Information and Data for Transparency, thousand tons [108]

The Civil Aviation Committee plans to launch nine new international routes to Doha, Kuala Lumpur, Ankara, Karachi, Lahore, Jeddah, Muscat, Prague, and Tel Aviv. In 2025, flights are scheduled to begin to Mumbai, Hong Kong, Vienna, Tokyo, Singapore, New York, and other cities [109, p.89]. As the number of flights increases, carbon emissions naturally rise as well, which, given the worsening climate crisis, is unacceptable and contradicts ICAO policy.
 It is not only international flights that contribute to carbon emissions; the condition of Kazakhstan’s airliners (air fleet) also has a significant impact on the carbon footprint of civil aviation. According to data from Ayer Flint [109, p.91], as of January 1, 2024, Kazakhstan’s civil aviation fleet consisted of 99 aircraft with an average age of 11.2 years (Table 1).4
Table 2 lists the aircraft in Kazakhstan classified as “older models.” It shows that Boeing 757, Boeing 737, and Fokker 70/100 airliners (Table 2) have been in service with Kazakhstan Gvmt, SCAT Airlines, and Sunday Airlines for over 30 years.
Based on an analysis of the data presented in Table 2, histograms were constructed (Figure 3.26) to characterize and visualize the condition of the aircraft in the fleets of Kazakhstan’s airlines by model and airline. The data is current as of January 1, 2024.

	Table 1 – Airliners in the fleets of Kazakhstani airlines as of January 1, 2024.                          
	Table 2 – Top 10 “Oldest” Airliners in Kazakhstan’s Fleet as of January 1, 2024



	Airlines 
	Number of aircrafts
	Average age of aircraft 
	
	№
	Aircraft model
	Average age of aircraft
	Number of aircraft
	Airline

	Air Astana
	29
	4,8
	
	1
	Boeing 757
	37,3
	1
	Kz gvrt

	Qazaq Air
	5
	6,7
	
	2
	Fokker 70/100
	31,8
	4
	Caspiy

	FlyArystan
	18
	6,8
	
	3
	Boeing 757
	30,9
	2
	Sunday Airlines

	Euro-Asia
	3
	9,2
	
	4
	Boeing 737
	29,2
	6
	Scat Airlines

	Prime Aviation
	1
	9,5
	
	5
	Boeing 767
	23,3
	1
	Sunday Airlines

	Berkut Air
	3
	11,7
	
	6
	Canadaair
	21
	5
	Scat Airlines

	Comlux Aviation 
	3
	12,9
	
	7
	Canadaair
	17,6
	1
	Comlux 

	SCAT Airlines
	31
	15,5
	
	8
	Airbus 330
	16
	1
	Kz gvrt

	Kazakhstan Gvmt
	2
	26,7
	
	9
	Canadaair
	15,8
	1
	Berkut Air

	Sunday Airlines
	3
	28,3
	
	10
	Embraer 135/145
	11,4
	3
	Comlux Aviation

	Caspiy
	1
	31,8
	
	

	Всего по РК
	99
	11,2
	

	
	



Average age of aircraft by model


Average age of aircraft by airline
Figure 3.26 Average age of aircraft operated by Kazakhstani airlines as of January 1, 2024 [109]
Figure 3.27 shows that the country’s largest carrier, Air Astana Group, ranks first in terms of the number of aircraft and their “newness.” The average age of the airline’s fleet in 2022 was 3.9 years. Moreover, the majority of Air Astana’s fleet consists of Airbus A320 and Airbus A321 aircraft, which boast high fuel efficiency and environmental safety ratings.

3.3.4 Experimental studies to assess factors influencing the carbon footprint under the conditions of the Air Astana group
As noted in subsection 3.3.3, the Air Astana Group is the leader in Kazakhstan in terms of the number of aircraft and their “newness.” The group comprises the full-service carrier Air Astana and the low-cost carrier Fly Arystan [110]. This organizational model allows for the most effective use of resources and adaptation to the country’s economic growth potential, as well as targeting various markets and geographic regions. According to data from the Air Astana Group [110, 111, 112, 113], the composition of the company’s fleet of airliners during 2013–2022 is characterized by the data presented in Table 3.7.
 
Table 3.7 Composition of the Air Astana Group’s fleet of airliners from 2013 to 2024 [110–115]

	№

	Aircraft model
	2020
	2021
	2022
	2023
	2024

	1
	Boeing 767
	3
	3
	3
	3
	3

	2
	Boeing 757
	2
	-
	-
	- 
	-

	3
	Airbus A320/321
	24
	28
	35
	37
	52

	4
	Embraer 190-Е2
	5
	5
	5
	5
	3

	5
	Airbus A319
	-
	-
	-
	-
	-

	
	Overall 
	34
	36
	43
	49
	58

	
	Average fleet age
	5,1
	4,7
	3,9
	5,1
	5,5



Of the total number of aircraft in Air Astana’s fleet, 35 are fuel-efficient and environmentally friendly. In 2023, the airline group added the latest aircraft to its fleet: the Airbus A321LR in October and the Airbus A320neo in November. By the end of 2023, the Group's combined fleet (under a single Air Operator Certificate) reached 49 aircraft, of which 31 are operated by Air Astana and 18 by Fly Arystan. The fleet includes 41 narrow-body A320 family aircraft, five narrow-body Embraer E190-E2s, and three wide-body Boeing 767s. The arrival of these new, more advanced, and environmentally friendly aircraft has reduced the environmental impact of air travel. The A320neo family has reduced fuel consumption by up to 20% and CO₂ (and NOx) emissions by one-fifth compared to the previous generation A320ceo [111].
With a young and modern fleet of 43 aircraft (as of 2022), the Air Astana Group operates scheduled direct and transfer flights on 88 routes to 22 countries, making Kazakhstan one of the busiest air travel destinations in the world. The group operates two distinct but complementary brands:
Air Astana is a full-service brand and Kazakhstan's flagship carrier;
Fly Arystan is a low-cost brand.
This dual-brand strategy has allowed the group to reach different customer segments and geographic regions [115], thereby ensuring growth in financial performance even during difficult years for the industry: the pandemic, post-pandemic adaptation, and the closure of Ukrainian airspace during the special military operation. Information on these dynamic changes in financial performance is presented in Table 3.8.

Table 3.8. Key financial indicators for the Air Astana Group for 2013–2024 [110–115]
	Indicators
	2020
	2021
	2022
	2023
	2024

	Aircrafts 
	34
	36
	42
	49
	58

	Number of routes
	74
	84
	88
	91
	107

	including domestic
	30
	30
	15
	15
	33

	International 
	44
	54
	33
	27
	74

	Number of countries 
	21
	20
	22
	22
	22

	Revenue Passenger Kilometers (RPK) , billion
	8,1
	13,1
	15,9
	14,65
	16,13

	Freight Tonne Kilometers (FTK) ,billion
	5,8
	10,4
	13,2
	17,69
	19,32

	Passenger Load Factor (PLF)
	71,6
	79,4
	83,0
	82,8
	83,5

	Passenger traffic, bill. hum.
	3,7
	6,6
	7,4
	8,1
	9.0

	Including international routes, bill
	0,66
	2,4
	2,6
	5,9
	6,1

	Domestic routes, billion
	3,04
	4,2
	4,6
	2,8
	2.9

	Departures, thousand
	30,8
	47,1
	51,8
	52,7
	53,5

	Seat-kilometers available
	7904,
	13063,7
	15921
	17700
	19320

	Cargo traffic , thous. 
	13,9
	18,8
	14,0
	27,8
	22,4

	Freight tonne-kilometers performed 
	731
	752
	746
	
	



According to the approved development strategy, Air Astana is implementing plans to expand its fleet to double passenger traffic volumes by expanding its flight geography and opening new routes [115]. However, as noted earlier, the scaling of operational activities directly correlates with the growth of greenhouse gas emissions, the dynamics of which are reflected in Table 3.9.
Between 2013 and 2022, Air Astana's fuel consumption doubled, reaching 319,900 tonnes. However, greenhouse gas emissions intensity decreased by nearly 10% during this period.

Table 3.9 Trends in environmental pollution indicators for Air Astana Group’s fleet from 2013 to 2022 [110–115]

	Key performance indicators
	2020
	2021
	2022
	2023
	2024

	Fuel consumption, thousand tons
	170,4
	261,9
	319,9
	320
	348

	Greenhouse gas emissions intensity (tons of CO2 per MWh)
	0,06885
	0,06403
	0,06427
	0,076
	0,075

	Scope 1 emissions (thousand tons of CO2)
	544,2
	836,4
	544,2
	491,4
	485,2



In carrying out the tasks set forth in Air Astana’s Development Strategy for the period up to 2026 [114], the company has not only reduced its carbon footprint but also improved its performance metrics, as shown in Table 3.10.

Table 3.10 Trends in Air Astana Group’s financial performance indicators from 2013 to 2024 [110–115]

	
Key figures

	
	2020
	2021
	2022
	2023
	2024

	Total revenue, $ million
	400,3
	761,8
	1032,4
	1 164
	1 308 

	Net income, $ million
	-93,9
	36,2
	78,4
	68,7
	52,8

	EBITDAR, 
	33,1
	224,9
	288,4
	300,8
	338,6



Development of an empiric model
At this stage, we will develop an empiric model that will serve as a statistical representation based on an analysis of the volume of experimental data on the economic activities of the Air Astana Group; that is, it is not based on theoretical principles describing the structure and mechanisms of the subject—environmental monitoring.
Taking into account the factors influencing Air Astana’s carbon footprint, we propose a mathematical model of dependence in which the output parameter is the outcome variable Y (CO2 emissions volume), and the input parameters are the key factor variables Xi. The development of the mathematical model involves the following stages. 
Step 1. Data systematization: logical generalization and comparison. Investigation and analysis of patterns in carbon footprint changes, identification of issues in statistical data assessment, and creation of a statistical database for modeling causal relationships between the outcome variable Y (CO2 emissions) and the explanatory variables Xi, i=1...11. For the period 2013–2024, Air Astana’s statistical database is presented in Table 3.11.

Table 3.11. Initial data for building a causal model between the outcome variable Y (CO2 emissions) and the explanatory variables Xi, i=1,...,11 [110–115]

	
	Designation
	Years 

	
	
	2020
	2021
	2022
	2023
	2024

	CO2 emissions, thousand tons
	Y
	544,2
	836,4
	544,2
	491,4
	485,2

	Greenhouse gas emission intensity (tons of CO2 per 1 PPM)
	X1
	0,0688
	0,064
	0,06427
	0,076
	0,075

	Number of aircraft
	X2
	34
	36
	42
	49
	58

	Average fleet age, years
	X3
	5,1
	4,7
	3,9
	5,1
	5,5

	Flights, thousand
	X4
	30,8
	47,1
	51,8
	52,7
	53,5

	RPK, billion
	X5
	8,1
	13,1
	15,9
	14,65
	16,13

	FTK, billion
	X6
	5,8
	10,4
	13,2
	17,69
	19,32

	 
	X7
	71,6
	79,4
	83,0
	82,8
	83,5

	Average aircraft load factor 
	X8
	3,7
	6,6
	7,4
	8,1
	9.0

	Passenger traffic, million passengers 
	X9
	13,9
	18,8
	14,0
	27,8
	22,4

	Cargo traffic, thousand tons 
	X10
	731
	752
	746
	
	

	Ton-kilometers flown, million 
	X11
	170,4
	261,9
	319,9
	320
	348



Step 2. Graphical interpretation of statistical analysis results. This method is used not only for the clear visualization, comparison, evaluation, and justification of database research results.
Figures 5–15 show scatter plots depicting the pairs of values “response variable Y – explanatory variable Xi” – (Y; Xi), i=1,...,11.
Figure 3.27 presents mathematical models of paired linear regression and the coefficients of determination R2. The standard Microsoft Excel application was used for the construction.
 	A visual analysis revealed that for factors X4 and X5, there is virtually no linear relationship with the outcome Y (R42=0.0773→0; R52=0.0025→0). The factorial characteristics X1, X2, and X7 have a strong influence on the result Y (R12; R22; R72 > 0.7). The remaining factors exert an influence on the result Y :
- moderate (X6, X10, and X11);
- noticeable (X3, X8, and X9).
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Figure 3.27 - Scatter plots for the pairs of values “response variable Y – factor variable Xi” – (Y; Xi), 
i=1,...,11 [110-115]

It was also found that there are outliers—i.e., values that distort the general patterns—between Y and Xi, where i = 1, ..., 11; these are the points (Y; Xi) for 2020 (COVID-2019) on most graphs. After filtering the data, the 2020 data were not used in subsequent calculations.
Step 3. Correlation analysis. At this stage, the dependence of the response variable Y, associated with CO2 emissions, on the set of explanatory variables Xi is established.
The selection of factors Xi, i=1,...,11, for their inclusion in the model Y=f(Xi)i=1,..., 11 was carried out using the calculated pairwise correlation coefficients r (Y; Xi) between the dependent variable Y and the independent variable Xi, and r(Xi; Xk) between the factor variables Xi and Xk, which provide a statistical estimate of the strength of the relationship between the corresponding pairs of variables.
Calculations showed that the factors with X1–X3 and X6–X11 have the strongest impact on the final indicator and with Y. Each has a higher pairwise correlation coefficient, indicating a very close relationship,(Y; Xi) > 0.9. 
Factors X4–X5, which show a weak relationship, were excluded from the causal base as statistically insignificant.
Step 4. Analysis of multicollinearity. At this stage, input parameters with high correlation are excluded. Specifically, in the set of variables X1–X3, X6–X11, regression-correlation analysis was performed to identify mutually independent factors influencing the outcome variable Y when constructing a multiple regression model.
Analysis of the pairwise correlation coefficients for factors X1–X3 and X6–X11 revealed a dependency between some of them when the corresponding r(Xi; Xk) > 0.7. To eliminate multicollinearity, an approach was applied that involved discarding variable Xk with high correlation. Factors X6–X7 were excluded from the causal base. 
Step 5. Construction of linear multiple regression models. At this stage of modeling, linear multiple regression models are constructed by combining the remaining factors X1–X3 and X8–X11 into triplets of linearly independent factor systems:

                  (3.1)

                               (3.2)

                  (3.3)

         (3.4)

The unknown parameters of regression models Y1–Y4 were estimated using the least squares method, and the goodness of fit of the models was assessed using Fisher’s criterion:
                                           (3.5)
                       
where  - specified reliability (р=1-α - probability), 
 и =n-m-1 - degrees of freedom, 
n=9 – number of experiment, 
m=3 - the number of independent variables

The calculated measures of regression model adequacy (1)–(4) are summarized in Table 8.

Table 3.12 System of regression model adequacy measures
	Regression model
	R2
	Fрозр
	Reliability (posibility)
	Ftable(0,05; 3; 5)
	Model qulaity

	Y1
	0,8347
	8,4132
	α=0,05
(р=0,95)
	5,409451
	high

	Y2
	0,9512
	32,4542
	
	
	very high

	Y3
	0,9341
	23,6066
	
	
	very high

	Y4
	0,9514
	32,6137
	
	
	very high



The calculated value of the Fisher criterion for all regression models Y1-Y4 is higher than the table value, which means that all models are adequate. Furthermore, the coefficient of determination R2 is close to 1, indicating the high quality of the models. The following conclusion can be drawn from the experiment: The greatest influence on CO2 emissions from Kazakhstan’s civil aviation comes from the volume of cargo and passenger traffic and, consequently, the volume of fuel consumed. The most effective measure is the implementation of measures to reduce the carbon footprint of international aviation under ICAO by transitioning aviation to “cleaner energy sources,” as shown in Figure 3.24. The following aviation fuels are recommended:  
1) types that meet LTAG-SAF parameters and are sustainably produced based on:
- biomass, including oilseed crops, lignocellulosic energy crops, starchy energy crops, and sugary energy crops;
- liquid waste;
- solid waste, including agricultural and forestry residues, and solid municipal waste;  
- waste and by-products from the production of fats, oils, and greases (FOG); 
- CO2 emissions from the production of ethanol, ammonia, iron, steel, and cement;
- atmospheric CO2;
2) fuels meeting LTAG parameters with a lower carbon content (LTAG-LCAF)—petroleum-based fuels with a carbon intensity of < 80.1 gCO2e/MJ from production start to shipment, using technologies and best practices for reducing greenhouse gas emissions (GHG);
3) unblended fuels containing cryogenic hydrogen (LH2) [99].
3. Based on data from the annual MRV (monitoring, reporting, and verification) process, using the developed model (…) and the “What-If Analysis” scenario forecasting method and the “What Is Needed For” target modeling method, possible scenarios for the development of the system of input and output indicators under study for the period 2030–2050 have been developed. The results of the scenario modeling of the carbon footprint of Air Astana Group’s air transport are presented in Table 10.

Table 3.13 Results of scenario modeling of the carbon footprint of Air Astana Group’s air transport for 2030–2050.
	Designation 
	Scenario 1 (optimal)
	Scenario 2 
(nominal
	Scenario 3
(pessimistically)

	
	2030
	2040
	2050
	2030
	2040
	2050
	2030
	2040
	2050

	Blending ratio of SAF and LCAF with the base fuel
	5
	12
	25
	3
	8
	20
	3
	6
	15-17

	Greenhouse gas emissions intensity (tons of CO2 per 1,000 vehicle-kilometers)
	0,05463
	0,04731
	0,04177
	0,05784
	0,05171
	0,04624
	0,06041
	0,05472
	0,04988



In accordance with a recent resolution by the Asia-Pacific Airlines Association, the Group has set a target for itself to achieve a 5% blend of sustainable aviation fuel with conventional fuel by 2030, which is consistent with the projected figures for industry decarbonization scenarios provided by experts from the Air Transport Action Group (ATAG) in the Waypoint 2050 Report [118].

Analysis of Experimental Research Results  
The following circumstances serve as the prerequisites for the aviation industry’s transition to “cleaner energy sources.”
First, Resolution 39 of the ICAO Council Assembly introduced the GMBM in the form of CORSIA, under which ICAO member states that have declared their participation in CORSIA must ensure the implementation of measures [119]:
- limiting CO2 emissions to 85% of 2019 levels through the use of cleaner energy sources, including SAF and LCAF;
- using sustainably produced petroleum fuels with a reduced carbon footprint at a level of at least 5% by 2030.
Air transport operators that fail to meet the requirement to reduce the carbon footprint of international cargo and passenger transport The fulfillment of the resulting offsetting obligations is possible in two ways: through the acquisition of carbon offsets and unallocated quotas in the Emissions Trading System (ETS), as well as through the payment of offsetting payments for emissions CO2. In this case, compensation obligations are calculated using formula [119]:

, 				 	(3.6)

where  – the aircraft operator’s emissions subject to CORSIA in the given year;  – the sector’s growth factor for the current year, determined from 2021 to 2023 by the following expression

                                              (3.7)
		
and for the period from 2024 to 2035 by the expression

                                                  (3.8)

 – emissions covered by CORSIA in 2019;   – the aircraft operator’s growth factor from 2033 to 2035, determined by the relationship

                                                 (3.9)
 and  – sectoral and individual assessment factors for offset obligations, related by the relationship
 .		                                     (3.10)

The values of the coefficients  and  will be applied as follows:
- from 2021 to 2032,  and ;
- from 2033 to 2035,  and . [103]
It should be noted that participation by states in the pilot phase (2021–2023) and the first phase (2024–2026) of CORSIA is voluntary. The second phase of CORSIA, beginning on January 1, 2027, will be mandatory for all states [104];
Second, in April 2024, the European Parliament approved a reform of the greenhouse gas emissions trading system, which provides for the elimination of free greenhouse gas emission allowances for the aviation sector by 2026. This rule effectively introduces harsh penalties for violators of environmental standards: airlines that refuse to reduce their carbon emissions will no longer be able to count on free allowances or tax deductions to offset their carbon footprint and free allowances or compensation obligations, which will consequently lead to increased operational costs and a loss of competitive position in the international cargo and passenger transport market;
Third, a new five-tier airport certification program was presented in Dubai from November 30 to December 12, 2023, at the Global Forum on Sustainable Aviation, held in conjunction with the 28th session of the Conference of the Parties to the UN Framework Convention on Climate Change. The three most effective levels are: 
- achieving and maintaining a net-zero carbon emissions balance in accordance with the ISO Net Zero2 Guidelines (Scope 1 and Scope 2);
- mapping and reporting of all indirect emissions (Scope 3) and other categories. A number of states, aviation associations, and individual carriers have stated their intention to achieve ambitious SAF share targets in the near and long term. However, the feasibility of these plans remains controversial due to the numerous barriers to the full implementation of SAF [117].
-high Cost: According to expert estimates, switching to sustainable alternative fuel (SAF) will cost, on average, 2-5 times more than using standard jet fuel.
-lack of Price Reduction: No significant long-term decline in SAF prices is expected as a result of market scaling.
-supply Uncertainty: There are risks of delays in the expansion of alternative fuel production; the limited supply of SAF (at 0.1% of total jet fuel) is the reason for the forecast disruption.
Limited international certification procedures (both technical and sustainability) for SAF fuel production sectors in accordance with the environmental requirements of the CORSIA scheme.
- lack of ICAO methodologies for assessing the environmental and economic performance of SAF.
The working document of the Third ICAO Conference on Aviation and Alternative Fuels (SAAF/3), “Benchmarks and Projections for Potential Quantitative Targets for the Use of Cleaner Energy Sources in International Aviation,” held October 20–24, 2023, [118] outlines a number of possible environmental and economic performance indicators for SAF; however, their use for developing projections and scenarios will only be possible if airlines submit timely reports. In Kazakhstan, only Air Astana’s reports are publicly available; therefore, a scenario for the transition to next-generation fuel was proposed. 
However, it should be noted that the international race to transition aviation to SAF and secure leadership in its production has already begun [119]. The positive dynamics of the SAF supply that emerged in 2023 was due to the commissioning of new specialized plants and the expansion of the production potential of existing enterprises in the markets of North America, Europe and the Asia-Pacific region [119].
This paper substantiates the feasibility of a comprehensive carbon emissions monitoring system for civil aviation. The proposed approach is based on the synergy mathematical modeling tools, algorithms for advanced statistical analysis of Big Data, as well as targeted software and hardware solutions. This approach is highly relevant and applicable in other countries, as the research and modeling were based on ICAO indicators, including those for assessing carbon emissions from air transport.
The research results serve as a fundamental and applied basis for developing new regulatory acts, specifically for designing a roadmap for the aviation industry of the Republic of Kazakhstan’s transition to SAF and LCAF, with potential ESG investment [119]. However, the successful implementation of this study faces limitations due to insufficient data on the environmental performance of all Kazakhstani airlines within the framework of the Integrated Report on Progress Toward Achieving the Sustainable Development Goals. This makes it difficult to assess progress and the factors influencing the carbon footprint of civil aviation in the Republic of Kazakhstan. At the same time, according to CORSIA, air carriers that do not submit reports with verified data on the achievement of sustainable development goals face the risk of having to pay compensation obligations for reducing carbon emissions.

Conclusions on the third section
1. Based on an analysis of data from environmental studies of the air quality around Almaty, a list of instruments to be tested was compiled, and standard equipment for airport environmental monitoring centers was identified. The study found that the most harmful substances to human health are: СО, NOX, HC, CHO, SO2.
2. The technical specifications of the following devices and systems have been studied: GasAlertMicro 5;  MultiRAE Lite;  SOLO-TOCHNOST;   A-1;   A-4M;  A-48;  AVUS-SKZ;  AGAT; AGAT-SV;  AGM-500;  AGM-505; AGM-510; ALTAIR; ALTAIR-5X;  ANKAT; ANKAT-1; ANKAT-micro;  ANT;  BINOM;  GAN. Many of the listed devices and sensors allow for the detection of the same atmospheric pollutants, while possessing different metrological characteristics.
3.  Among the listed set of measurement instruments, the following devices should be highlighted as the most suitable in terms of technical and economic indicators: AVUS-SKZ,  Geolan-1P, GANK-4RB. Using these devices as examples, empirical indicators of control reliability were investigated by constructing statistical distributions.
4. The technical specifications of the following devices and systems have been studied: GasAlertMicro 5;  MultiRAE Lite;  SOLO-TOCHNOST;   A-1;   A-4M;  A-48;  AVUS-SKZ;  AGAT; AGAT-SV;  AGM-500;  AGM-505; AGM-510; ALTAIR; ALTAIR-5X;  ANKAT; ANKAT-1; ANKAT-micro;  ANT;  BINOM;  GAN. Many of the listed devices and sensors allow for the detection of the same atmospheric pollutants, while possessing different metrological characteristics.
 Among the set of measurement instruments listed above, the following devices stand out as the most suitable in terms of technical and economic performance: AVUS-SKZ, Geolan-1P, and GANK-4RB. Using these devices as examples, empirical indicators of control reliability were investigated by constructing statistical distributions.
5.  It has been proven that aviation, which relies on fossil fuels, continues to be a major contributor to environmental pollution through carbon emissionsIt has been demonstrated that the International Civil Aviation Organization (ICAO) is implementing the global CORSIA program to decarbonize air transport. This initiative aims to ensure carbon-neutral growth in international aviation, with the transition to next-generation sustainable aviation fuel (SAF) being a priority. However, the growth rate of international air travel significantly outpaces the effectiveness of current measures to reduce the carbon footprint, and the pathways to decarbonizing the entire industry are limited.
6. It has been proven that aviation, which relies on fossil fuels, continues to be a major contributor to environmental pollution through carbon emissions. It has been established that, in order to reduce CO2 emissions from aviation, ICAO is implementing CORSIA, which aims to ensure carbon-neutral growth in international aviation, with a priority on transitioning to next-generation fuels. However, the growth rate of international air travel significantly outpaces the effectiveness of current measures to reduce the carbon footprint, and the pathways to decarbonizing the entire industry are limited.
7. Various ways to reduce CO₂ emissions in aviation have been identified—for the near, medium, and long term. Kazakhstan urgently needs to transition to sustainable aviation fuels (SAF and LCAF) to reduce emissions. This requires three things: major investments in new plants, cost reductions at all stages of SAF production, and funding for ASTM certification.
8. Based on statistical data from Air Astana Group airlines, key factors influencing the carbon footprint of civil aviation have been identified, and a model has been developed showing the relationship between the carbon footprint level and the key factors identified during the analysis of reports. The priority of the factors’ influence on the performance indicator has been established. The realistic possibility of aviation’s transition to next-generation fuel at the current stage has been substantiated. 
The results of the research on the third chapter are presented in publications [87,88,89].

[bookmark: _Hlk213102512]4. IMPROVING THE TECHNICAL AND ECONOMIC EFFICIENCY OF THE ENVIRONMENTAL MONITORING SYSTEM FOR THE AIRSPACE SURROUNDING THE AIRPORT
4.1 Improving the technical infrastructure of the digital air quality monitoring system
Air pollution in urban areas, and particularly in around airports exceeds maximum permissible concentrations. This has a negative impact on the health not only of aviation personnel, but also of the population in nearby regions, and harms the surrounding vegetation. The main reasons for the problem in the socio-economic environments are the insufficient information data and outdated measurement processes, as well as the low accuracy of metrological parameters of measuring instruments and the limited technological capabilities of organizational structures for environmental monitoring. 
Studies of the air environment in areas surrounding aerodromes show that the volume concentration of pollution in the airspace is uneven; therefore, environmental monitoring under current conditions is insufficiently effective. Consequently, it is necessary to carry out spatial measurements, i.e. at different points within the monitored airspace. 
 The author of the thesis established that the effectiveness of digital monitoring can be improved through the use of UAVs and specialized equipment, both that already in use across various sectors and new proprietary developments described below. The defining characteristics of monitoring and measuring instruments, when used on board UAVs, are: weight, dimensions, special design and operational technological solutions, and types of on-board power sources [121]. 
The operation of aircraft gas turbine engines inevitably causes thermal degradation of hydrocarbon fuel (kerosene), resulting in the formation of incomplete oxidation products. The most significant of these are fine soot particles—solid, high-carbon structures that form in the combustion zone under localized oxygen deficiency and extremely high temperatures. The aggregation of these particles creates a fine aerosol environment, which is visually observed as a smoke plume. Therefore, the smoke index serves as an integral criterion characterizing the mass and degree of dispersion of soot emissions in exhaust gases. According to research data [121], fine soot emissions have a complex negative impact on both the climate of the biosphere and the physical health of people.
From a climatic perspective, these pollutants enhance radiative forcing by absorbing sunlight. This alters the reflectivity of cloud cover and ice surfaces, thereby negatively affecting the global climate balance. In terms of human health, inhaling fine dust and microparticle pollutants triggers inflammatory reactions in the respiratory tract. Over the long term, this not only undermines lung and bronchial health but also significantly increases the risk of cardiovascular disease. [121, p.162]. 
Based on the above, it can be concluded that the control and reduction of soot particle emissions are issue for the sustainable development of aviation, particularly within the framework of initiatives by ICAO and other regulatory bodies.
From a physico-chemical perspective, smoke opacity is a characteristic that reflects the degree of attenuation of the light flux as it passes through a stream of exhaust gases containing solid soot particles. The higher the soot particle content, the greater the absorption and scattering of light, which leads to an increase in the smoke opacity value. Consequently, it can be used as an informative function for optical monitoring of soot concentration. 
Currently, opacity is expressed in terms of the light absorption coefficient (m⁻¹) and the smoke number (SN) [122].
The ability to comprehensively assess emissions demonstrates that exhaust opacity is an objective and promising measurement parameter. This method allows us to determine not only the soot concentration in exhaust gases, but also the particle size distribution of the aerosol mixture, the organic-to-inorganic ratio, and the shape, size, and structure of the pollutant particles themselves.
The following methods are used in environmental monitoring: optical, filtration and photometric. Unlike filtration methods, optical technologies provide continuous monitoring of aerosol parameters in real time. Filtration methods also offer highly reliable results and the opportunity for further analysis of collected samples. Photometric analysis methods are widely used to evaluate the optical characteristics of filters.
Traditional methods have drawbacks related to their dependence on experimental conditions, the inability to measure particle size distribution, low sensitivity, unstable performance due to the influence of temperature and humidity, and the difficulty of calibrating measuring instruments. Furthermore, most measuring devices based on traditional methods are large and heavy, making them technologically unsuitable for installation on UAVs [122, p.74]. 
The author resolves these issues by developing a new method for measuring smoke density, based on measuring the resistance of a specific air section between two special flat electrodes. Since it is hypothetically assumed that the physical density and chemical composition of gases in the inter-electrode gap alter the volume electrical resistance of the air, this principle serves as an informative and diagnostic physical indicator for assessing the content of pollutants, including soot and other solid particles. Changes in ohmic resistance and dielectric properties will depend on the composition of the air medium. 
[bookmark: _Hlk100649764]To convert the dielectric heterogeneity of the air volume into an electrical signal, the study proposed a sensor consisting of two metal plates, which act as the plates of an electric capacitor, positioned at a certain distance d from one another. The principle of operation is based on the following effect: the capacitance of a parallel-plate capacitor C is proportional to the dielectric constant of the medium ε, the effective area of the capacitor plates S, and inversely proportional to the distance between them d. When the area and distance remain constant, the dielectric component will change, and consequently, the capacitance of the sensor [123]. 
The sensor is connected to the input circuit of the matching stage. The equivalent circuit of the sensor’s input impedance, the gas medium and the resistance of the subsequent matching stage with the measuring channel can be represented as the structure shown in Figure 4.1. 
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Figure 4.1 – Equivalent circuit of a sensor for particulate contamination in a monitored air environment

[bookmark: _Hlk100582811]In Figure 4.1 capacitor C1  – capacitive element at the input of the measuring channel, C2  – total capacitive element of the three elements, equal to

,    				 (4.1)

where is the capacitance of the working sensor, constructed as two plates,  and the air medium between the plates; is the capacitance of the cable connection; ,       is the capacitance of the transistor’s ‘gate-source’ section.
The resistance R1is determined by the resistance of the field-effect transistor between the gate and the source. The conductance Gtotalis the sum of the conductances:
				,  					(4.2)

where is the sensor resistance, which depends on the conductivity of the gas region between the two electrodes; is the cable leakage resistance; is the resistance between the source and the gate.  
Then, considering the complex impedances of the divider, the signal transfer coefficient from the sensor to the input of the matching stage will be determined by the formula:
 ,				                (4.3)

where  ;

.

In this circuit, the sensor capacitance C2 , which together with C1  forms a capacitive divider, serves as a useful informative parameter. Consequently, the divider’s output voltage is generally given by the following formula:
 .    					 (4.4)
                                                
The design parameters of the divider were calculated through prototyping and experimentation. The results of the investigations are given in Table 4.1.

Table 4.1 – Calculation of divider parameters

	U in  (V)
	d (mm)
	S (mm²)
	R2 (Ω)
	C1 (pF)
	C2  (pF)
	Uout (V)

	[bookmark: _Hlk212559855]0.1
	  4
	7.065
	1.5
	470
	2084
	0.018401

	0.1
	4.2
	7.065
	1.5
	470
	2016
	0.018899

	0.1
	4.4
	7.065
	1.5
	470
	1953
	0.01939

	0.1
	4.6
	7.065
	1.5
	470
	1894
	0.019876

	0.1
	4.8
	7.065
	1.5
	470
	1838
	0.020355

	0.1
	5
	7.065
	1.5
	470
	1786
	0.020829

	0.1
	5.2
	7.065
	1.5
	470
	1,736
	0.021298

	0.1
	5.4
	7.065
	1.5
	470
	1689
	0.021761

	0.1
	5.6
	7.065
	1.5
	470
	1645
	0.022218

	0.1
	5.8
	7.065
	1.5
	470
	1603
	0.02267

	0.1
	6
	7.065
	1.5
	470
	1563
	0.023117



The capacitance of the capacitor (sensor), which is structurally composed of two plates 1 and 2, varies due to changes in the relative dielectric constant of the medium between the plates [124]. This sensor with plates can be mounted on the UAV fuselage from the outside. As a result of structural calculations, it was established that the most effective parameters for carrying out measurements on a UAV are as follows: the distance between the two plates  is , and the diameter of the plates themselves is . 
The measurement signal must undergo primary processing, for which a corresponding matching circuit has been proposed. The block diagram of the matching circuit for measuring the concentration of pollutants in the air is shown in Figure 4.2.
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Figure 4.2 – Block diagram of the matching circuit for measuring pollutant concentrations 

As the sensor’s output impedance is very high, the input impedance of the measurement channel must be significantly higher than the sensor’s output impedance [125]. A schematic diagram of the signal matching, amplification and sampling is shown in Figure 4.4. Figure 4.3 shows the circuit of a matching stage implemented as a simple source follower.
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Figure 4.3 – Source follower for a sensor’s electrical signal with high input impedance
Note – Compiled based on source [125]

The input analogue signal from the sensor, after passing through the source follower, is converted into an AC signal, for which a multivibrator based on transistors V5 and V6 is provided. 
As the level of the useful signal from the repeater remains low, an additional amplifier is required. Furthermore, the first stage of the amplifier must meet specific requirements: high input impedance, low inherent noise and high thermal stability . The circuit shown in Figure 4.4 [125] is proposed as an amplification option.

[image: ]
Figure 4.4 – Schematic diagram of a highly stable amplifier
Note – Compiled based on source [125]

A complete structural and functional model of the process for monitoring the concentration of pollutants in the air using the new capacitive sensor is shown in Figure 4.5.
RG
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         PC

C – capacitive sensor; IP – source repeater; S – signal generator; M – Arduino Uno ; IR – information recorder; PC – personal computer.

Figure 4.5 — Structural and functional model for monitoring air pollution by solid particles.

The analysis procedure included the following steps: noise filtering, averaging of experimental data, and plotting graphs of the dependence of the value of Uout on time and particle concentration.
[bookmark: _Hlk99090946][bookmark: _Hlk99106936]Subsequent signal processing, following amplification, is carried out using microprocessor-based devices such as the, Raspberry Pi,or Arduino [126]. This unit performs data collection, storage of data in internal memory in CSV format, and mathematical and logical analysis of the data. The power supply is a 5 V unit. Each option has certain advantages. However, system integration is also possible of microcontrollers Arduino and Raspberry Pi, whereby:
- the first component is used as a microcontroller with a sufficiently large set of standard universal application programmes;
- the second component is a general-purpose processor on which the Windows operating system can be installed. 
However, larger devices, such as personal computers or laptops, can also be used as the second component, enabling the implementation of statistical and intelligent data processing in a programming language such as Python, with visualisation of concentration distribution characteristics. 
The functionality of the second element is expanded through the external connection of an oscilloscope and other standard instruments, a memory expander and other storage devices. 
Another advantage of the particulate air pollution monitoring model is that it can operate in real-time. To transmit information from an Arduino or Raspberry Pi,a connection is established via a dedicated I2C interface (a standard two-wire serial bus). It is also possible to connect multiple Arduino boards [127] for the parallel measurement and processing of additional measurement signals. 
Based on the structural-functional model of the particulate matter air pollution monitoring process shown in Figure 4.5, the author developed a measurement platform for measuring smoke opacity in the air volume under investigation. Figure 4.6 shows a prototype of this platform. 

[image: ]
[bookmark: _Hlk99188193]Figure 4.6 – Platform for monitoring of air pollution by particulate matter.
      
The developed platform, with the specified microprocessor-based circuit options, allows a wide variety of tasks to be solved with minimal expenditure of resources, including preliminary statistical data processing. 
The advantages of a particular method should be assessed, first and foremost, in terms of its technical feasibility, i.e., this should be done following field tests under operational conditions. In this context, the question and task of optimally combining metrological parameters with the cost-effectiveness of the technical solution takes on particular importance [128,129].
The developed platform and experiments conducted to monitor airborne dust levels demonstrated the feasibility of creating a small, high-tech measuring unit suitable for deployment on UAVs. The method is based on the dependence of air dielectric properties on aerosol content, allowing the use of a capacitive sensor as the sensitive component of the monitoring system.
The circuit solutions considered (source follower, matching and amplification stages) ensure high input impedance, output signal stability and sufficient sensitivity with a minimum level of inherent noise. The use of Arduino microprocessors in combination with computer hardware can enable digital recording, filtering and transmission of data to a remote data centre.

4.2. Experimental studies of a digital monitoring measurement platform based on a UAV 
As noted in Chapter 1, the combustion of petroleum products produces a wide range of chemical compounds that are extremely harmful to human health. Currently, there are a number of control and measurement instruments and information-measurement systems for detecting a wide range of harmful substances. However, there are certain assumptions and shortcomings of a problematic nature that reduce the quality of environmental monitoring. 
Firstly, environmental monitoring relies on the use of fixed installations; in particular, state-run monitoring stations operated by the State Enterprise ‘Kazhydromet’ are set up near airports. For example, Environmental Monitoring Station No. 28 is located in the vicinity of Almaty International Airport JSC. Currently, 170 monitoring stations have been established in Kazakhstan, including both automatic and manual stations [130]. The following are measured at these stations: fine particulate matter PM₂.₅ and PM₁₀, sulphur dioxide SO₂ , carbon monoxide CO₂ , nitrogen oxide/dioxide NO or NO₂ , ozone O₃ , hydrocarbons HC, total volatile organic compounds (TVOC),  formaldehyde, etc. Official publications by the State Enterprise ‘Kazhydromet’ [130] provide analytical data, such as exceedances of standards, overall pollution levels, etc. However, this monitoring method has a drawback: the measuring stations are stationary (non-mobile), are large in size and weight, require power from the industrial AC grid, and also contain bulky electromechanical components.   All these drawbacks make the use of such systems on UAV platforms technologically unfeasible, given the strict weight and size constraints.
Secondly, existing measurements are primarily point-based and limited to the ground layer, meaning they are performed in a two-dimensional coordinate system. Furthermore, air quality indicators exhibit significant spatial heterogeneity depending on the distance, altitude, and specific features of airfield infrastructure (runways, taxiways, and maintenance areas). There is a high correlation between measurement results and meteorological and climatic conditions [131].
Third, existing monitoring stations fail to record a number of critical environmental parameters. They fail to analyze fine aerosols and unaccounted toxic components (such as smoke plumes), which have a significant negative impact on human health and require mandatory identification. Smoke is described in detail in subsection 4.1.
The author of the thesis proposes a number of scientific and technical solutions capable of resolving the aforementioned problems. To confirm their validity, experimental studies were conducted in two stages.   
The first stage of the study aimed to test the developed platform, based on the capacitive opacity measurement method, in the context of monitoring air pollution by suspended particulate matter. The corresponding experimental setup is shown in Figure 4.5.
To achieve this objective, it is necessary to address the tasks of calibrating and developing a mathematical model of the opacity meter. 
The subject of the study is the process of measuring opacity – the concentration of pollutant particles in the exhaust gases of diesel and petrol engines of the following vehicles: Mercedes C-Class, BMW 3 Series, Toyota Corolla, Volkswagen Polo, Hyundai Solaris, Kia Rio, Lada Vesta, Mitsubishi Pajero Sport, Toyota Land Cruiser 100, Nissan Patrol Y61, UAZ Patriot, KamAZ 5490, etc.
A ‘Meta-01MP-0.1’ smoke meter, designed to determine the smoke opacity coefficient of vehicle engines , was used to establish the reference points for the calibration curve. The main technical specifications of the device [132]: 
· measurement range: 0–9.99 m⁻¹;
· error limit: ±0.05 m⁻¹;
· temperature range: –10 to +40 °C;
· measurement time: no more than 10 s.
Measurements were carried out using the developed measurement platform. For each vehicle, the output voltage values of the sensor and the corresponding smoke coefficient values were recorded. Based on the results of the experimental studies, a set of characteristics was obtained . By averaging the measured data, a calibration characteristic was obtained for the platform for monitoring smoke opacity or for air pollution by particulate matter. Table 4.2 presents this characteristic in tabular form, and Figure 4.7 presents it in graphical form.    

Table 4.2 – Calibration curve of the measuring platform

	
	

	3.025
	0.501

	2.826
	0.621

	2.430
	0.680

	2.412
	0.757

	2.367
	0.845

	2.367
	0.857

	2.276
	0.885

	2,222
	0.903

	2.083
	0.957

	2.036
	1.057

	1.998
	1,156

	1.988
	1,354



Figure 4.7 – Graphical representation of the  calibration characteristic of the measuring platform

As can be seen from the graph in Figure 4.7, there is a non-linear relationship between the opacity coefficient and the output voltage ; as the opacity coefficient increases, the output voltage decreases, indicating an increase in the concentration of particles in the exhaust gases. 
The calculation and construction of a mathematical model of the platform with the calibration characteristic was carried out using methods of correlation-regression analysis and two-factor linear regression. 
As a result of calculations using second-order polynomial correlation with a coefficient of determination R² = 0.9016, which best meets the accuracy criteria, a mathematical model was constructed for the close relationship between the smoke coefficient and the sensor’s output voltage 

	          		   (4.5)

Thus, the developed platform for monitoring air pollution by particulate matter was calibrated, and a mathematical relationship was proposed for it that ensures not only the determination of the degree of smoke pollution based on the measured output voltage of the sensor, but also the prediction of smoke levels, including during the occurrence of critical conditions.
The second stage of experimental work was aimed at testing the digital twin and verifying its functionality for operational monitoring purposes. For this purpose, a mobile platform based on a DJI Phantom 3 UAV (quadcopter) was proposed for data collection. A Tuya PM2.5 WIFI air quality analyser was installed on the platform, with the following technical specifications [128]:
- accuracy: ±3%;
- measured parameters: levels of carbon dioxide, formaldehyde, total volatile organic compounds (TVOC), as well as fine particulate matter (PM2.5), temperature and humidity;
- built-in Wi-Fi module for remote control of the device and data collection via a mobile app [128].  
Figure 4.7 shows a mobile platform based on the DJI Phantom 3 UAV (quadcopter) for collecting air pollution data.

[image: ]
Figure 4.7 Mobile platform based on the DJI Phantom 3 UAV 

The flight path of the mobile platform was determined in accordance with the research results presented in subsection 2.3, i.e. in the form of a spatial-informational atmospheric cylinder (Figure 4.8).   
	
	[image: ]

	Figure 4.8. UAV flight path for monitoring the measurement


	         During the experiment, the mobile data collection platform (equipped with a Tuya PM2.5 air quality analyser) moved autonomously along predefined trajectories (Figure 4.8), with the on-board GPS system ensuring movement along the corresponding three-dimensional coordinates in real time. During each measurement session, measurements were taken at heights (H) of 20 m, 40 m, 60 m, 80 m and 100 m. At each height, a specific set of monitoring points was established, where the measurement platform hovered for 15 seconds to collect data, after which it moved to the next position. 
Using a Wi-Fi data transmission channel, the data was transmitted to the operator’s mobile device and transferred to a database in Excel format installed on a ground-based personal computer. The smoke measurement platform then moved along the same trajectories, with the measurement data being recorded in the device’s internal memory and also transferred to the database.
Field experiments under real-world conditions were conducted on the premises of JSC ‘Civil Aviation Academy’ from 30 September 2024 to 18 October 2024, which are effectively located within the airport perimeter of Almaty Airport. Due to restrictive measures, the heights at which the experimental measurements were taken were 20, 40, 60 and 80 metres.  
	 Table 4.3 presents the results of the experimental studies conducted on 14 September 2024 at 13:15. The spatial displacement between each point in the measured zone is approximately 20 m. Each row in the data matrix reflects the measured values in the three-dimensional coordinate system (x, y, H).


[bookmark: _Hlk126732686]Table 4.3 – Measurement results (14 September 2024, 13:15)  

	H
	L
	CO
	TVOC
	PM2.5
	Temperature
	Humidity
	Smog

	0
	L1  = 20.2
	14
	0.27
	16.8
	19.5
	52
	0.589

	
	L2 = 20.6
	16
	0.26
	16.3
	18.9
	51
	0.603

	
	L3 =20.7
	16
	0.25
	16.0
	18.4
	50
	0.509

	
	L4 =20.2
	18
	0.24
	17.2
	17.9
	49
	0.818

	
	L5 =20.4
	18
	0.25
	17.2
	18.2
	48
	0.956

	20
	L1 =20.3
	18
	0.19
	15.6
	18.9
	51
	1.122

	
	L2 =20.4
	17
	0.18
	14.7
	18.3
	50
	0.56

	
	L3 =20.4
	18
	0.17
	13.9
	21.2
	47
	0.38

	
	L4 =20.5
	19
	0.16
	13.3
	20.6
	46
	0.46

	
	L5 =20.6
	18
	0.016
	13.2
	20.5
	45
	0.57

	40 m
	L1 =20.1
	19
	0.21
	19.2
	21.2
	47
	0.6

	
	L2 =21
	18
	0.20
	18.1
	20.6
	46
	0.15

	
	L3 =20.8
	16
	0.19
	17.2
	20.0
	45
	0.11

	
	L4 =20.7
	13
	0.18
	16.4
	19.5
	44
	0.3

	
	L5 =20.5
	14
	0.17
	16.3
	19.7
	43
	0.25

	60 m
	L1 =20.3
	13
	0.18
	14.5
	19.5
	46
	0.31

	
	L2 =20.5
	11
	0.025
	13.8
	19.1
	45
	0.25

	
	L3 =20.6
	13
	0.024
	12.7
	18.8
	44
	0.26

	
	L4 =20.7
	14
	0.023
	12.3
	18.6
	44
	0.29

	
	L5 =20.8
	12
	0.022
	11.6
	18.4
	43
	0.27

	80 m
	L1 =20.3
	13
	0.025
	13.8
	18.2
	44
	0.26

	
	L2 =20.5
	11
	0.024
	13.2
	18.6
	43
	0.1

	
	L3 =20.6
	12
	0.023
	12.7
	18.4
	42
	0.05

	
	L4 =20.7
	12
	0.022
	12.3
	18.2
	41
	0.07

	
	L5 =20.8
	10
	0.021
	11.9
	18.3
	41
	0.01


  
[bookmark: _Hlk212723088]         The reliability of the experimental studies and the adequacy of their results were determined by comparing the measurement data with official data from the State Hydrometeorological Service ‘Kazhydromet’ (13:20, ‘PNZ 28’ station) in the surface layer ( . As the official data comprise a limited set, insufficient for environmental monitoring, the comparison was carried out for only four parameters: CO, PM2.5, temperature and humidity. Figure 4.4 shows the results of the corresponding comparison, where the errors are as follows: ; ; ; .  



Figure 4.4 Comparative analysis of measurement data (14 September 2024, 13:15) with official data from the State Hydrometeorological Service ‘Kazhydromet’ (14 September 2024, 13:20)
    
In the database (DB), the information can be visualised in 3D format using a specialised Python software module developed by the author. The programme code is presented in Appendix 3. Figure 4.5 shows a visualisation scenario – a three-dimensional graph of CO dispersion, which also features colour scales (located to the right of the model) using the Viridis gradient palette and the PlotLy library. In this case, three types of interpretation are used. The measured data are characterised by linear dimensions.
[image: ]

Figure 4.5 – 3D scenario of CO spatial distribution as a function of height, with values shown in colour gradation

As shown in Figure 4.5, the software module, as an interactive element, allows the selection of a different measurement object; the module’s source code is provided in Appendix B. 
Similarly, monitoring maps and graphs can be generated from the database.
The statistical software package Statistica 6.0 [84, p.25] was used for the statistical processing of the set of database tables. The software is designed for the quantitative assessment of the quality of air quality control and monitoring based on the criteria of risk to the environmental management service provider, risk to the population from control errors, and the overall reliability of control. The calculation of these risks is supported by mathematical software developed and presented in the second section of the study. The user’s interaction with the programme can be represented as an exchange of messages between the UAV and the operator at the environmental monitoring centre in two system operating modes. The first mode involves operation at the operator’s request, whilst the second mode involves automatic information exchange between the UAV and the environmental monitoring centre.
The software application allows research to be conducted by varying all system parameters in order to find the optimal system configuration. The on-screen form for calling up the research mode is shown in Figure 4.6.


[image: ]

Figure 4.6 – Interface for calling up the research mode

A numerical study was then conducted of the control errors Plband Pnbunder variations in statistical parameters. The relative error, defined as the ratio (σφ/σs), was selected as the argument. This ratio varied within the range from 0.1 to 1.0 for different values of the reference values. In the ‘legend’ of the figures, these standards are designated as 1, 2 and 3 respectively, and are quantitatively estimated from the expression Sv= Savg+ K σs, where the factor K varies from 1 to 3 (Figures 4.7 and 4.8). 
 


Figure 4.7 – Probability Pnb  (random standard σpred  = 0.1σs )



Figure 4.8 – Result of computer modelling of the probability Plb, standard deviations (σpred= 0.1σs)


As a result of statistical analysis, the arithmetic mean Xavg = 17.4 mg/m³and the standard deviation S = 1.38 mg/m³were found. The closest hypothesis regarding the theoretical distribution law is the Gaussian distribution. 
When assessing the influence of the statistical nature of the standards on the result, by comparison with the previous variant, with a slight variation in the standards σpred  =0.1σs , it should be noted that the levels of probability errors Pfalse  and Pnon-conformity  have increased significantly. As can be seen from the results of the simulation experiment presented in the figures, the probability of a false rejection Pfis most affected. In the case of a missed rejection P(m),unlike P(f),the specification component has a clearly dominant influence. As can be seen from Figures 4.7 and 4.8,   for standards exceeding 2σs , the control error is only slightly dependent on the measurement error and does not exceed two per cent. This fact is of great importance for the planning of the technical and technological equipment of the environmental monitoring system. Using the statistical analysis data to calculate control risks, it was established that the probability of undetected defects in nitrogen dioxide control is Pud  = 0.23, and the probability of false defects isPfd  = 0.112. 


4.3 Design of an algorithm for the transition of Kazakhstan’s civil aviation to new-generation fuel 
As previously established, the transition of Kazakhstan’s civil aviation to next-generation fuel is undoubtedly a pressing and important task. In order to develop the Adaptation Roadmap, which establishes the stages of institutional transformation at the state level, a complex of fundamental and applied scientific approaches was used.
As part of a strategic partnership with Petro China International Kazakhstan for the supply of Jet A-1 aviation fuel, the Air Astana Group intends to import SAF directly from China [115]. However, as noted by the President of the Republic of Kazakhstan, Kassym-Jomart Tokayev, Kazakhstan has a sufficient raw material base for its own SAF production [133].
From the wide range of raw materials suitable for current SAF production technologies – an alternative fuel for air transport – let us consider the material that is fairly widespread in Kazakhstan:  
- substandard grain in alcohol-to-jet (ATJ) processes, based on deep processing into ethanol using fermentation and distillation technologies;
- agribusiness waste through the production of biomass with a high content of fat and organic oils via hydroprocessing;
- biogas produced by anaerobic fermentation of agricultural and technical waste, with subsequent conversion into synthesis gas and then into SAF;
- synthesis gas obtained from agricultural and technical waste using the Fischer-Tropsch (FT) process is synthesised into liquid hydrocarbons, which, after further processing, produce high-quality aviation fuel; 
- organic waste, as part of municipal solid waste; 
- energy crops (sorghum, miscanthus, amaranth, etc.), which are resistant to drought and low soil fertility, are converted into biomass and subsequently processed into biogas and, consequently, into aviation biofuel;
- flue gases, as waste products from industrial enterprises (ArcelorMittal, CHP plants, the Aktobe Ferroalloy Plant, etc.), form purified hydrocarbons for fuel production following hydro-purification. 
The production of next-generation aviation fuel in Kazakhstan is a particularly interesting and promising sector, as it offers the following opportunities:


· The implementation of these steps in a comprehensive manner addresses three key objectives [59, p.1565]:
· environmental objectives: ensuring Kazakhstan's fulfillment of its obligations in the area of ​​carbon-neutral development of aviation;
· image: increases the competitiveness and credibility of airports in the eyes of international air carriers;
· service: improves passenger service quality in line with best international practices.
Kazakhstan’s airports need to establish refuelling infrastructure that is accessible and suitable for the distribution of SAF. There is an urgent need to develop and implement optimal and efficient logistics chains for the delivery of SAF from production facilities to airports. It is important to ensure that all transport and storage infrastructure is compatible with the chemical composition of SAF and LCAF. The issue of SAF and LCAF certification, etc., is no less important.
Thus, the author of this thesis considered it important to design a new algorithm for the transition of Kazakhstan’s civil aviation to next-generation fuel. Based on the adopted decision, it is planned to develop a roadmap regulating the transition of the domestic civil aviation sector to sustainable fuels (SAG). The action plan being developed will cover government agencies, aviation industry entities, and airlines, as well as related sectors of the Republic of Kazakhstan's economy. Figure 4.9 presents a block diagram of the developed algorithm for the transition of Kazakhstan’s civil aviation to next-generation fuel [59, p.1565]. 
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Figure 4.9 Block diagram of the algorithm for the transition of Kazakhstan’s civil aviation to SAF and LCAF

The algorithm presented in Figure 4.4.1 can be interpreted as follows in its step-by-step implementation.
Step 1. Monitor the situation.
Using drones, we collect data at all airports in Kazakhstan. We measure indicators such as CO2, NO, CO, Rx,CHO, C(x),Hy, (.), NO2, SO(2), NCN, soot, smoke. We store all this data in a large repository (Big Data) and then analyze it using intelligent methods and statistics.
Step 2. Assess our capabilities.
[bookmark: _Hlk203731371]Here, based on expert opinion and monitoring results, we determine the acceptable (benchmark) level of capabilities. We also consider the need for SAF and LCAF (green jet fuel) in Kazakhstan's aviation sector, the potential for raw material production, and how we can attract investment and budget funding. Then, using the checklist, we review the current indicators and compare them with the acceptable levels: values 
If the overall assessment shows that the capabilities are sufficient for further action (compared to the acceptable level ∆S_D), then we proceed to step 4. If not, we proceed to step 3, where we will implement corrective measures production raw material potential  to improve the situation.
Step 3. How to improve the capability level.
All corrective measures  to  for improving capability are listed in Table 4.4.1.

Table 4.4.1. Corrective set of measures to improve capability levels
	No.
No.
	Item
	Measure

	1
	
	Budget funding to incentivise high-capability aviation enterprises and support for those with low capabilities 

	2
	
	Guidance for industry leaders and senior management of aviation companies

	3
	
	Inviting experts and organising events to share international experience of the transition to SAF and LCAF

	4
	
	Government and public support for the transition to SAF and LCAF on a trial basis at one leading aviation company, and the organisation of events at its premises

	5
	
	Stakeholder analysis of aviation companies, examination of key issues, provision of consultancy services

	6
	
	Inclusion of measures for the transition to SAF and LCAF in regional development plans, particularly in regions with developed agricultural and technical potential  

	….
	….
	….

	
	
	….



Step 4. Readiness assessment.
[bookmark: _Hlk204080784]At this stage, based on expert recommendations and monitoring results, the acceptable (benchmark) levels of readiness of Kazakhstan’s aviation enterprises for the transition to new-generation fuel , the availability of production capacity , and the capabilities of the raw materials sectors and infrastructure are determined. Next, using the checklist, the current relevant readiness values are determined and compared with the permissible values .
If, based on the comparison with the acceptable values , the overall assessment of the readiness level is sufficient to proceed with further measures, the process moves to step 6; otherwise, it proceeds to step 5 to implement corrective measures aimed at improving the relevant indicators.
Step 5. Measures to improve the level of readiness.
[bookmark: _Hlk204081403]The set of corrective measures to improve the level of readiness is presented in Table 4.4.2.

Table 4.4.2. Corrective measures to improve the level of preparedness
	No. 
No.
	Item
	Measure

	1
	
	Investment in technical equipment, modernisation of airport infrastructure, training of specialists on the transition to SAF for the Civil Aviation Committee, the Aviation Administration of Kazakhstan, aviation enterprises and the Civil Aviation Academy

	2
	
	Guidance on the implementation of the transition to SAF and LCAF at aviation enterprises based on international experience

	3
	
	Verification and implementation of aviation companies’ regulatory documents to ensure compliance with ICAO requirements

	4
	
	Organisation of conferences and seminars to disseminate international knowledge and experience regarding the transition to SAF and LCAF

	5
	
	Comprehensive analysis of airline and airport stakeholders, business process audits, and expert business consulting.

	6
	
	An assessment of the investment and production potential and raw material readiness of agricultural macroregions of Kazakhstan for scaling up and implementing SAF and LCAF value chains.

	….
	….
	….

	
	
	….



[bookmark: _Hlk204081429]Step 6. Planning. At this stage, strategic documents are drawn up with indicators  for the implementation of measures, a tentative list of which is presented in Table 4.4.3.

Table 4.4.3 List of strategic documents

	No. 
No.
	Item
	Title

	1
	
	Strategy for the transition of aviation and related sectors to SAF and LCAF

	2
	
	Strategy for the transition of enterprises to SAF for 2025–2030

	3
	
	Sectoral transition plans for SAF for 2025–2030


	4
	
	Current sectoral plans for the transition to SAF.


	5
	
	Rules for incentivising related industries to transition to SAF

	….
	….
	….

	
	
	….



[bookmark: _Hlk203731522][bookmark: _Hlk204081464]Step 7. Audit. State monitoring and evaluation of the transition to SAF based on a comparison of indicators: ,  ( – indicators set out in strategic documents; – current indicators of the implementation of measures by the industry and aviation companies).
If, based on a comparison with the indicators in the strategic documents , the estimated values are acceptable for the implementation of measures, the process proceeds to step 9; otherwise, it proceeds to step 8 to carry out corrective measures to improve the relevant indicators.
[bookmark: _Hlk204081587]Step 8. Revision of plans. Based on the audit findings, a set of corrective measures  must be developed and incorporated into the strategic documents; an indicative list of these is presented in Table 4.4.4.  

Table 4.4.4.  Set of corrective actions

	No. 
No.
	No.
	Measure

	1
	
	Automated data collection and analysis: reports, performance, risks

	2
	
	Identification and analysis of problems

	3
	
	Changes: adjusting tasks and deadlines, reallocating resources and responsibilities

	4
	
	Updating documents, coordinating and informing participants and partners

	5
	
	Adaptation of strategic documents to new economic conditions and legislation 

	….
	….
	….

	
	
	….



[bookmark: _Hlk204081787]Step 9. Roadmap. Based on the revised strategic documents, a Roadmap is drawn up, setting out a set of measures for its implementation (Table 4.4.5) 

Table 4.4.5 Set of measures for implementing the Roadmap 

	No. 
No.
	Item
	Measure

	1
	
	Establishment of a regulatory framework:
- legislative and regulatory acts and regulatory bodies;
- a fund for the transition of Kazakhstan’s aviation sector to SAF;
- attracting investment, including under state guarantees.


	2
	
	Engaging contractors:
agribusiness: cultivation of energy crops;
agricultural processing enterprises: processing of substandard grain; processing enterprises: processing of agribusiness waste and municipal solid waste, including organic waste; 
airports: creation of refuelling infrastructure, logistics, transport;
development of the SAF and LCAF market.

	3
	
	Research, development and construction:  
- development of research projects and feasibility studies, timeframe: 2026–2027;
- infrastructure construction, timeframe: 2028–2029

	4
	
	Preparation of production facilities, timeframe: 2030–2033  

	….
	….
	….

	
	
	….



[bookmark: _Hlk204081830]Step 10. Launch of the transition to SAF. At this stage, the entire set of measures is implemented in accordance with the Roadmap. The algorithm is designed in such a way that it provides clear answers to the questions of what needs to be done, by whom and when; in other words, it is effectively the Implementation Plan for the Roadmap on the transition of the Republic of Kazakhstan’s civil aviation to SAF and LCAF[134]. The practical application of the proposed algorithm will ensure a smooth transition of the Republic’s civil aviation and related industries to the production of new-generation fuel, taking into account the expected pace of Kazakhstan’s development as an aviation transport hub [135].
The algorithm developed for the transition of Kazakhstan’s civil aviation sector to next-generation fuels (SAF and LCAF) constitutes a systematic tool for the strategic management of sectoral transformation. It provides a comprehensive sequence of actions—from monitoring and assessing current capabilities to the development and implementation of a transition roadmap. The algorithm takes into account national raw material and production resources, international decarbonisation commitments, and the potential for public-private partnerships. Its practical implementation will ensure the sustainable development of civil aviation in Kazakhstan, enhance the sector’s energy independence and competitiveness, and fulfil the climate objectives of the ICAO and the Carbon-Neutral Growth Programme (CNG2020). Thus, the proposed algorithm can serve as a basis for developing a national strategy and the regulatory framework for the transition of the Republic of Kazakhstan’s aviation sector to the use of next-generation fuels.

[bookmark: _Hlk215721284]4. Conclusions on Section 4. 
	1. The analysis conducted and the development of a digital system for monitoring air pollution by particulate matter have demonstrated the possibility of creating A compact sensor has been developed for an unmanned platform designed for environmental monitoring of airspace around airfields. The measuring module operates using a capacitive method: smoke and dust concentrations are determined by recording changes in the dielectric properties of the air. The proposed circuit design optimizes data collection processes and improves the overall efficiency of aerosol pollution monitoringv(source follower, matching and amplification stages) ensure high input impedance, output signal stability and sufficient sensitivity with a minimum level of inherent noise. 
	2. A digital system for monitoring air pollution by particulate matter has been developed based on a capacitive sensor mounted on board a UAV. The proposed solution combines precision sensitivity and architectural simplicity with advanced digital data processing capabilities. The results of theoretical calculations and computer modeling confirmed the practical feasibility and engineering feasibility of the described method. The developed system is designed for integration into the overall digital air monitoring system of airfield complexes. The developed hardware and software platforms have been successfully tested and implemented into the scientific and educational processes of JSC "Academy of Civil Aviation," as documented in the implementation certificate provided in Appendix C.
	3. Experimental studies. A comparative analysis of the obtained empirical data with verified materials from RSE Kazhydromet confirmed the relevance and adequacy of the measurements, which validates the correctness of the chosen methodological approach. The discrepancy between the average values ​​was recorded at the level of: ∆CO=±2. %; ∆PM2.5=±1.5%; ∆T=±0.1%; ∆H=±1%. These deviations are within the framework of current metrological standards, which strictly proves the reliability, convergence, reproducibility, and general applicability of the obtained data sets.
	4. The calculations and modelling carried out confirmed the method’s feasibility and technical viability. When assessing the influence of the statistical nature of the standards on the result, by comparison with the previous variant, with a slight variation in the standards σpred =0.1σs , it should be noted that the levels of probability errors Plb and Pnb  have increased significantly. In undetected defects, Pundetected , unlike P(detected)  ,is clearly dominated by the standard component. For standards exceeding 2σs , the control error is only weakly dependent on the measurement error and does not exceed two per cent. This fact is of great importance for planning the technical and technological equipment of the environmental control system. Using statistical analysis data and a software application for calculating control risks, it was established that the probability of undetected defects in nitrogen dioxide control is Pundetected= 0.23, and the probability of false defects is Pfalse= 0.112. 5. The developed algorithm for the transition of the Republic of Kazakhstan’s civil aviation to new-generation fuels (SAF and LCAF) constitutes a systematic tool for the strategic management of sectoral transformation. It provides a comprehensive sequence of actions – from monitoring and assessing current capabilities to the formulation and implementation of a transition roadmap. The algorithm takes into account national raw material and production resources, international decarbonisation commitments, as well as the potential for public-private partnerships.
	Its practical implementation will ensure the sustainable development of civil aviation in Kazakhstan, enhance the sector’s energy independence and competitiveness, and fulfil the climate objectives of the ICAO and the Carbon-Neutral Growth Programme (CNG2020). This algorithm is recommended for use in the process of designing an industry Roadmap and regulatory framework aimed at decarbonizing the aviation sector of the Republic of Kazakhstan through the introduction of innovative fuels.













Conclusion
[bookmark: _Hlk214012270]The growth of air travel is exacerbating environmental problems in areas adjacent to airports. To effectively monitor atmospheric air quality, modernization of existing environmental monitoring systems is necessary. In this study, using experimental stochastic methods and digital data analysis, the authors conducted a comprehensive audit of the readiness of Kazakhstan's aviation sector to transition to low-carbon development principles.
During theoretical and applied research, a number of scientifically sound approaches and models were developed, aimed to improve the effectiveness of environmental monitoring in airport vicinity zones. 
· A digital model of the spatial distribution of atmospheric pollutants in the Almaty airport area has been developed for operational monitoring and analysis of the dynamics of harmful substance dispersion over time and space.
· A structural and functional diagram of an air pollution monitoring system is proposed, utilizing a fleet of UAVs for continuous data collection and relaying it via VLC/RF communication channels to the airport's local environmental control center.
· A fuzzy model for a comprehensive assessment of air quality within the airport perimeter and a simulation model for quantitatively calculating instrumental monitoring risks under conditions of random noise and uncertainty in initial parameters have been synthesized.
The results of the practical part of the study include an analysis of monitoring instruments and the selection of optimal devices to ensure reliable measurements of air pollution indicators. Based on a comparative analysis of the technical characteristics of the instruments, it has been established that the AVUS-SKZ, Geolan-1P and GANK-4RB devices are the most suitable in terms of a combination of metrological and economic indicators. 
· A statistical assessment of the reliability of monitoring was carried out for the selected instruments, involving the construction of probability distributions and an analysis of measurement errors. 
· It has been established that the use of fossil fuels remains one of the main sources of carbon emissions in the aviation industry. The International Civil Aviation Organization (ICAO) has launched the CORSIA program, which aims to offset and reduce greenhouse gas emissions as international air travel intensifies. The primary technological vector for achieving carbon neutrality within this program is the introduction of innovative fuels—SAF (sustainable aviation fuel) and LCAF (low-carbon aviation fuel).
An analysis of the current situation has shown that the growth rate of international air transport is outpacing the effectiveness of existing measures to reduce the carbon footprint, which requires the accelerated introduction of decarbonisation mechanisms in Kazakhstan’s civil aviation sector. Short-term, medium-term and long-term strategies for reducing carbon emissions have been identified, including the development of production capacity for SAF, the optimization of supply chains and the certification of fuel to ASTM standards. Based on statistical data from Air Astana Group airlines, a model has been developed showing the relationship between the carbon footprint and key factors determining emission intensity. The factor analysis conducted identified priority areas for influencing the performance indicator and confirmed the feasibility of the Kazakhstani aviation industry’s transition to next-generation fuel under current economic and technological conditions. 
A digital system for monitoring air pollution by particulate matter has been developed based on a capacitive measurement method. The proposed technical solution, implemented on the Arduino platform, demonstrated high sensitivity and stability of the output signal with minimal noise levels. The technical feasibility of the proposed design solutions was mathematically confirmed through simulation experiments. The proposed methodology is fully ready for implementation in UAV onboard systems designed for continuous air quality monitoring in airfield areas. Calculation of monitoring reliability indicators showed that the probability of undetecting an excess of nitrogen dioxide concentration does not exceed 0.23, and the probability of falsely identifying a defect is 0.112. These criteria demonstrate that the developed method meets the target requirements for measurement reliability. The proposed model for the consistent implementation of alternative aviation fuels (SAF/LCAF) in the aviation sector of the Republic of Kazakhstan serves as a strategic management tool aimed at ensuring the structural modernization of the industry. It ensures a step-by-step transition from the stage of assessing the current state and resources to the formulation and implementation of a Roadmap for the transition to low-carbon aviation fuels. The algorithm takes into account national raw material and production capabilities, Kazakhstan’s international decarbonization commitments, as well as the potential for public-private partnerships in the field of sustainable aviation development. The practical implementation of the proposed algorithm creates the conditions for ensuring the sustainable development of civil aviation in the Republic of Kazakhstan. The priority tasks include increasing the energy independence and competitiveness of the aviation sector, as well as achieving ICAO global environmental benchmarks, including the implementation of the Carbon Neutral Growth Programme (CNG2020). The presented scientific and applied research results form the basis for the development of a national strategy and the regulatory framework for the transition of Kazakhstan’s aviation sector to the use of next-generation fuels, which is a key step towards the creation of a low-carbon economy and an environmentally sustainable future for the country.
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APPENDIX A

Certificate of Entry in the State Register

APPENDIX B

Data visualization program code

import pandas as pd
import numpy as np
import seaborn as sns
import matplotlib.pyplot as plt
import plotly.graph_objects as go

df = pd.read_excel("dataviz.xlsx")

n_points_per_level = df[df['h'] == df['h'].unique()[0]].shape[0]
angles = np.linspace(0, 2 * np.pi, n_points_per_level, endpoint=False)

coords = []
for i, h_val in enumerate(df['h'].unique()):
    for j, angle in enumerate(angles):
        idx = i * n_points_per_level + j
        if idx < len(df):
            x = 20 * np.cos(angle)
            y = 20 * np.sin(angle)
            coords.append((x, y))
        else:
            coords.append((np.nan, np.nan))

df['x'], df['y'] = zip(*coords)

# ==== Параметры ====
params = ['L', 'CO', 'TVOC', 'PM2.5', 'temp', 'humidity', 'smoke']

# ==== Фигура ====
fig = go.Figure()

param = params[0]
fig.add_trace(go.Scatter3d(
    x=df['x'],
    y=df['y'],
    z=df['h'],
    mode='markers',
    marker=dict(
        size=5 + 15 * (df[param] - df[param].min()) / (df[param].max() - df[param].min()),
        color=df[param],
        colorscale='Viridis',
        colorbar=dict(title=param)
    ),
    name=param,
    # Показываем всплывающую информацию при наведении
    hovertemplate=(
        "<b>Parameter:</b> %{customdata[0]}<br>" +
        "<b>Value:</b> %{customdata[1]:.3f}<br>" +
        "<b>X:</b> %{x:.1f} m<br>" +
        "<b>Y:</b> %{y:.1f} m<br>" +
        "<b>Height:</b> %{z:.1f} m"
    ),
    customdata=np.stack([np.full(len(df), param), df[param]], axis=-1)
))
# ==== Добавляем окружности на каждой высоте ====
r = 20  # радиус полета
circle_angles = np.linspace(0, 2 * np.pi, 100)  # плавная линия
for h_val in df['h'].unique():
    x_circ = r * np.cos(circle_angles)
    y_circ = r * np.sin(circle_angles)
    z_circ = np.full_like(circle_angles, h_val)
    
    fig.add_trace(go.Scatter3d(
        x=x_circ,
        y=y_circ,
        z=z_circ,
        mode='lines',
        line=dict(color='gray', width=4, dash='dash'),
        name=f'Path at h={h_val:.1f} m',
        hoverinfo='none',
        showlegend=False
    ))

fig.update_layout(
    scene=dict(
        xaxis_title='X (m)',
        yaxis_title='Y (m)',
        zaxis_title='Height (m)',
    ),
    title='3D Visualization of Environmental Parameters with Height',
    width=900,
    height=700
)

# ==== Слайдер ====
steps = []
for i, param in enumerate(params):
    step = dict(
        method='update',
        args=[
            {
                'marker.color': [df[param]],
                'marker.size': [5 + 15 * (df[param] - df[param].min()) / (df[param].max() - df[param].min())],
                'marker.colorbar.title': param,
                'customdata': [np.stack([np.full(len(df), param), df[param]], axis=-1)],
                'hovertemplate': (
                    "<b>Parameter:</b> %{customdata[0]}<br>" +
                    "<b>Value:</b> %{customdata[1]:.3f}<br>" +
                    "<b>X:</b> %{x:.1f} m<br>" +
                    "<b>Y:</b> %{y:.1f} m<br>" +
                    "<b>Height:</b> %{z:.1f} m"
                )
            },
            {'title': f'3D Visualization of {param} vs Height'}
        ],
        label=param
    )
    steps.append(step)

sliders = [dict(
    active=0,
    currentvalue={"prefix": "Parameter: "},
    pad={"t": 50},
    steps=steps
)]

fig.update_layout(sliders=sliders)

fig.show("iframe")

pio.write_html(fig, "plot3d3.html", auto_open=True)
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Fig. 1. World map of greenhouse gas emissions per capita in 2023 [11]
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