

  applsci-16-04930




applsci-16-04930







Appl. Sci. 2026, 16(10), 4930; doi:10.3390/app16104930




Article



A Hybrid Interval Type-2 Fuzzy AHP (IT2F-AHP)–VIKOR–TOPSIS Framework for Environmental Performance Assessment of Helicopter Engines



Fatma Şahin 1, Gökhan Şahin 2,3, Ahmet Koç 4 and Erdal Akin 5,6,7,8,*





1



Biometry Genetics Unit, Department of Animal Science, Agricultural Faculty, Igdir University, 76000 Igdir, Türkiye






2



Copernicus Institute of Sustainable Development, Utrecht University, Princetonlaan 8A, 3584 CB Utrecht, The Netherlands






3



Municipality of Dronten, De Rede, 1, 8251 ER Dronten, The Netherlands






4



Park and Garden Plants Department, Vocational School of Technical Sciences, Dicle University, 21280 Diyarbakır, Türkiye






5



Department of Computer Science and Media Technology, Malmö University, 205 06 Malmö, Sweden






6



Sustainable Digitalisation Research Centre, Malmö University, 205 06 Malmö, Sweden






7



Biofilms Research Center for Biointerfaces (BRCB), Malmö University, 205 06 Malmö, Sweden






8



Department of Computer Engineering, Bitlis Eren University, 13100 Bitlis, Türkiye









*



Correspondence: erdal.akin@mau.se







Citation: Şahin, F.; Şahin, G.; Koç, A.; Akin, E. A Hybrid Interval Type-2 Fuzzy AHP (IT2F-AHP)–VIKOR–TOPSIS Framework for Environmental Performance Assessment of Helicopter Engines. Appl. Sci. 2026, 16, 4930. https://doi.org/10.3390/app16104930



Academic Editor: Chiu-Fan Hsieh



Received: 10 April 2026 / Revised: 4 May 2026 / Accepted: 12 May 2026 / Published: 15 May 2026



Abstract


This study evaluates the environmental performance of 34 single-engine light utility helicopters across five operational phases: ground idle departure, ground idle arrival, takeoff, approach, and landing-takeoff (LTO). A hybrid multi-criteria decision-making (MCDM) framework integrating interval type-2 fuzzy sets with the Analytic Hierarchy Process (AHP), VIKOR, and TOPSIS was applied to ensure robust and reliable assessment. Six criteria: shaft horsepower (SHP), fuel flow, hydrocarbon (HC), carbon monoxide (CO), particulate matter (PM), and nitrogen oxides (NOx) were considered to capture both engine performance and environmental impact, with relative importance determined through AHP. VIKOR generated a compromise ranking, while TOPSIS validated the results. The analysis revealed that the HUGHES 500 (DDA250-C18, A34), HUGHES 501 (DDA250-C20B, A29), and BELL 206B-1 (DDA250-C20, A32) engines achieved the best environmental performance due to low fuel consumption and reduced emissions across NOx, PM, HC, and CO. In contrast, engines such as K-1200 (T53 17A-1, A1) and BELL UH-1H (T53 L13, A2) performed the poorest, with high fuel flow and elevated emissions. Sensitivity analysis showed minimal changes in rankings when the NOx weight was varied, confirming the robustness of the framework. These results highlight that emissions and fuel efficiency are more critical than engine power in determining environmental sustainability.
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1. Introduction


Aviation plays a crucial role in modern transportation systems by enabling fast, flexible, and long-range mobility for both civilian and military applications. Within this sector, helicopters represent a unique class of rotorcraft due to their vertical take-off and landing capability, allowing operation in remote, constrained, and urban environments [1,2,3]. Helicopters are widely utilized in critical missions such as emergency medical services, search and rescue, offshore logistics, surveillance, forestry management, and border control operations [4]. Despite their operational versatility, helicopter systems are associated with relatively high environmental impacts compared to many other transport modes. This is mainly due to high fuel consumption rates and inefficient aerodynamic performance during hover and low-speed flight conditions [5]. As a result, helicopter operations contribute significantly to atmospheric pollution through emissions of carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbons (HC), and particulate matter (PM) [6]. These pollutants have serious implications for human health, climate change, and regional air quality degradation [7]. Helicopters often operate using turboshaft engines fueled by aviation kerosene or similar fuel types, and their emission levels vary significantly depending on flight phase and engine load conditions [8]. The variability of operational modes such as takeoff, hover, cruise, and landing introduces complex emission patterns that make environmental performance assessment challenging [9]. In particular, low altitude operations increase the local concentration of pollutants, further intensifying environmental impacts in populated areas [10]. Increasing global demand for air mobility and specialized aviation services has led to a continuous rise in aviation-related emissions [11]. Although aviation contributes a smaller share of total global emissions compared to other sectors, its environmental footprint is expected to grow without technological and operational improvements [12]. In this context, helicopter operations represent a particularly sensitive area due to their frequent use in low-altitude missions and proximity to populated regions [13]. International regulatory authorities such as the International Civil Aviation Organization (ICAO) emphasize the importance of reducing aircraft emissions through cleaner engine technologies, optimized operations, and improved environmental monitoring systems [14]. However, evaluating helicopter environmental performance remains a complex task due to the diversity of engine types, operational conditions, and emission characteristics [15]. In this context, the evaluation of helicopter engines requires a multi-criteria approach that simultaneously considers performance and environmental indicators. Key criteria include shaft horsepower (SHP), fuel flow rate, and emission indices such as HC, CO, PM, and NOx [16]. These criteria are inherently conflicting, as higher engine power is often associated with increased fuel consumption and emissions, making decision-making a multi-objective problem [17]. Furthermore, uncertainty in emission data, operational variability and expert judgment adds additional complexity to the evaluation process [18]. Therefore, robust decision-making tools are required to handle uncertainty while providing a reliable ranking of alternatives. Multi-Criteria Decision-Making (MCDM) methods provide an effective framework for addressing such complex problems. Techniques such as Analytic Hierarchy Process (AHP), VIKOR, and TOPSIS have been widely used in engineering and transportation studies for evaluating alternatives under multiple criteria [19]. AHP is used to determine the relative importance of criteria, VIKOR provides compromise ranking solutions, and TOPSIS evaluates alternatives based on their distance from ideal solutions [20]. Recent studies demonstrate that hybrid MCDM approaches significantly improve decision reliability and stability compared to single method approaches, particularly in uncertain environments such as aviation emission assessment [21]. Despite these advancements, there is still a lack of comprehensive studies focusing specifically on helicopter engine environmental evaluation using integrated fuzzy MCDM frameworks. Most existing studies either focus on fixed-wing aircrafts or do not adequately address uncertainty in emission data [22]. To address this gap, this study proposes a hybrid fuzzy MCDM framework for evaluating the environmental performance of helicopter engines. The proposed approach integrates interval type-2 fuzzy sets with AHP, VIKOR, and TOPSIS methods to handle uncertainty and provide robust ranking results [23,24]. The model enables a comprehensive assessment of helicopter engines under multiple conflicting criteria and provides a structured decision support tool for environmentally sustainable engine selection.



1.1. The Motivation for Using a Multi-Criteria Decision-Making Approach


Multi-criteria decision-making (MCDM) provides a structured framework for solving complex engineering problems involving multiple conflicting criteria, enabling optimal decision-making through trade-off analysis between performance and environmental objectives [25]. In helicopter engine assessment, performance evaluation requires simultaneous consideration of operational efficiency and environmental impact. In this study, 34 single-engine light utility helicopter engines are evaluated using six criteria: shaft horsepower (SHP), fuel flow, hydrocarbon emissions (HC), carbon monoxide emissions (CO), particulate matter (PM), and nitrogen oxides (NOx), across five phases of the landing and take-off (LTO) cycle [26,27]. Given the inherent uncertainty in emission data and expert evaluations, interval type-2 fuzzy sets are employed to better capture ambiguity compared to classical fuzzy approaches [28]. Type-reduction and defuzzification are performed using both the Centroid method and the Taguchi loss function to enhance result stability [29]. Following the fuzzy evaluation stage, the Analytic Hierarchy Process (AHP) is applied to determine criterion weights. First, a pairwise comparison matrix is constructed based on expert judgments using Saaty’s 1–9 scale. The matrix is then normalized and the priority vector is derived to obtain the relative weights of the criteria. The maximum eigenvalue (λmax) is computed, and the Consistency Index (CI) is calculated as   I =     (    λ   m a x   − n  )     (  n − 1  )      . The Consistency Ratio (CR) is then obtained using   R =    C I   R I     , where RI is the Random Index. The results confirm that CR < 0.10, indicating acceptable consistency of expert judgments and ensuring the reliability of the derived weights. VIKOR is applied to obtain a compromise solution based on group utility and individual regret, while TOPSIS is used as a validation mechanism based on distance from ideal solutions [30,31]. The results demonstrate that engines A34, A29, and A32 perform best in terms of environmental efficiency, whereas A1 and A2 exhibit the poorest performance due to higher fuel consumption and emissions [32,33]. Sensitivity analysis confirms that the proposed framework is stable under moderate changes in criterion weights [34]. Overall, integrating interval type-2 fuzzy sets with AHP, VIKOR, and TOPSIS provides a robust decision support framework for helicopter engine selection, where emission-related criteria play a dominant role in environmental performance evaluation [35,36].




1.2. Objectives of the Study


The main objective of this study is to develop a robust hybrid multi-criteria decision-making (MCDM) framework for evaluating the environmental performance of 34 single-engine light utility helicopter engines [37,38,39]. The proposed framework integrates interval type-2 fuzzy sets with AHP, VIKOR, and TOPSIS methods to effectively handle uncertainty and provide reliable ranking results [40,41]. Six criteria are considered: SHP, fuel flow, HC, CO, PM, and NOx, representing both operational performance and environmental impact [42,43]. Interval type-2 fuzzy sets are used to model uncertainty in expert judgments, while AHP determines relative criterion weights [44,45]. VIKOR is applied for compromise ranking, and TOPSIS is used for validation through ideal solution comparison [46,47]. To improve fuzzy evaluation accuracy, both Centroid-based type-reduction and Taguchi loss function approaches are incorporated [48,49]. Results show that A34, A29, and A32 have the best environmental performance, while A1 and A2 perform the worst [50,51]. Sensitivity analysis confirms model robustness under weight variations [52]. The study contributes to sustainable aviation literature by providing a reliable and systematic decision-support tool for environmentally efficient helicopter engine selection [53,54].




1.3. Problem Description


The increasing demand for efficient and environmentally sustainable aviation systems makes helicopter engine evaluation a complex engineering decision problem. Helicopter engines significantly influence operational efficiency, fuel consumption, and environmental emissions. Selecting the most suitable engine is a multi-criteria problem due to conflicting objectives such as maximizing power output while minimizing fuel consumption and emissions. In this study, 34 single-engine light utility helicopter engines are evaluated using empirical data across different operational phases of the LTO cycle. The dataset includes diverse engine types with different design characteristics, making direct comparison difficult. Therefore, a structured multi-criteria decision-making framework is required to ensure consistent and transparent evaluation. The following sections define the evaluation criteria, data acquisition process, and methodological framework used to rank helicopter engines and assess their environmental performance systematically.



1.3.1. Alternative Options


Helicopter engines have an important share in performance and efficiency. In our article, we examined engine types in terms of their effects on the environment. Alternative helicopter engines used in this study are listed in Table 1.




1.3.2. Criteria for Green Helicopter Engine Evaluation


This study identifies six parameters for evaluating the environmental and operational performance of helicopter engines aimed at ecological sustainability. The criteria include shaft horsepower (SHP) (C1), fuel flow (C2), and four emission indices: hydrocarbon (HC) (C3), carbon monoxide (CO) (C4), particulate matter (PM) (C5), and nitrogen oxides (NOx) (C6).



Shaft Horsepower (SHP) per engine (C1): Horsepower quantifies the power output of a helicopter engine by measuring the frequency at which engine pistons move up and down in one minute. It determines performance metrics such as acceleration, load carrying capacity, and tractive effort, with shaft horsepower (SHP) being a common specification for helicopters and airplanes [55,56].



Fuel Flow per engine (kg/s) (C2): Helicopters require sufficient fuel to complete flights safely, considering potential deviations. Fuel load must remain within the usable capacity and decrease progressively during operation. Fuel flow quantifies fuel consumption under controlled operational conditions [57].



Emission Index for Hydrocarbon (HC) (g/kg) (C3): Hydrocarbons are partially combusted or evaporative emissions from the engine that can mix with nitrogen oxides to form photochemical smog, which adversely affects respiratory health and living organisms. Polycyclic aromatic hydrocarbons generated by HC emissions are linked to cancers, including hematological malignancies [58,59].



Emission Index for Carbon Monoxide (CO) (g/kg) (C4): Incomplete combustion in engines, caused by a richer fuel mixture and uneven cylinder temperature distribution, produces CO, an odorless and colorless gas with high affinity for hemoglobin. CO exposure reduces oxygen transport in the blood and can lead to toxicity, asphyxiation, and severe health effects at high concentrations [60,61].



Emission Index for Particulate Matter (PM) (g/kg) (C5): PM emissions result from carbon molecules in fuel that are not fully combusted. Diesel-powered engines typically emit carbon, hydrocarbons, sulfur dioxide, and sulfuric acid particles, contributing to air pollution [62,63].



Emission Index for Nitrogen Oxides (NOx) (g/kg) (C6): NOx includes gases such as NO, NO2, N2O, N2O3, N2O4, and N2O5, with NO and NO2 being the most critical pollutants. They have atmospheric residence times of 1–10 days and primarily originate from fossil fuel combustion, causing respiratory disorders. NO affects the neurological system, whereas NO2 irritates lung alveoli and contributes to the formation of PM2.5 and PM10 in urban areas [64,65].



Although noise pollution and maintenance costs are also important factors in helicopter operations, they are not included in this study. This is because the analysis focuses on in-flight environmental performance and emission-related indicators, which are consistently available for all engine types. In particular, SHP, fuel flow, HC, CO, PM, and NOx enable a uniform and comparable assessment across the 34 helicopter engines and are directly aligned with ICAO-based emission evaluation frameworks. Therefore, the selected criteria ensure data completeness, methodological consistency, and comparability of results.




1.3.3. Model Driven Data Acquisition Approach


The Federal Office of Civil Aviation (FOCA) supervises civil aviation activities in Switzerland, ensuring compliance with safety regulations and promoting sustainable aviation practices. FOCA also monitors licensed aviation operators to guarantee environmentally responsible use of airspace and airport facilities [66]. Within this framework, FOCA provides comprehensive datasets on pollutant emissions from helicopters across various operational categories. These datasets, with shaft horsepower (SHP) as the independent variable, have been compiled through collaborations with the German Aerospace Center (DLR), gas turbine engine manufacturers, helicopter technical manuals, and flight test programs [67]. The data support the estimation of pollutant emissions that impact the environment surrounding airports, considering operational hours, flight phase durations, and engine parameters. Flight operations for light utility helicopters with single engines are modeled according to FOCA-approved procedures, developed in consultation with experienced flight instructors. These procedures detail the time in mode and power settings for each flight phase, including takeoff, approach, and landing, enabling accurate calculations of environmental effects [68]. Table 2 presents the recommended time in mode and power settings for single-engine light utility helicopter operations across various flight maneuvers [69].



Table 2 outlines the standard operational parameters for single-engine light utility helicopters, including flight phases, operational acronyms, recommended power settings for the LTO cycle, and the duration assigned to each phase within the LTO cycle. The flight phases are denoted as GI-D for ground-idle departure, TO for takeoff, AP for approach, and GI-A for ground idle arrival [71]. Light utility helicopters require maximum power, approximately 87%, during the takeoff phase, whereas the minimum power is consumed during the ground idle approach phase (GI-A) at around 7% [72]. These average power settings form the primary input variables for calculating fuel flow rates and emission indices in the dataset analyzed. The focus on single turboshaft engine light-duty helicopters is justified by their versatility in both civilian and military operations. Such helicopters perform diverse missions, including medical evacuation, search and rescue, emergency medical services, pilot training, troop transport, light attack, reconnaissance and surveillance, law enforcement, military and civilian logistics, and traffic monitoring [73,74]. Table 2 provides the ICAO assigned codes, helicopter models, and engine types for the single turboshaft light utility helicopters, which form the core dataset of this study [75]. It should be noted that real operational conditions, such as military, rescue, or emergency missions, may deviate from the standard LTO cycle profiles in terms of power settings, duration, and maneuver characteristics. However, the LTO cycle is widely accepted as a standardized framework for aviation emission assessment and is recommended by international authorities such as ICAO. Therefore, it provides a consistent and comparable basis for evaluating different helicopter engines under controlled conditions. This approach allows for systematic comparison across alternatives, although it may not fully capture all mission-specific operational variations.



Only helicopter engines with complete datasets across all six evaluation criteria and all LTO phases were included in the study. This ensures data consistency, comparability, and reliability of the decision-making process, while engines with missing or incomplete records were excluded. The dataset used in this study is compiled from multiple authoritative and validated sources to ensure both accuracy and scientific reliability. The primary source is the Federal Office of Civil Aviation (FOCA), which provides standardized and quality-controlled emission inventories widely used in aviation environmental assessments. Additional performance-related data are obtained from the German Aerospace Center (DLR), whose datasets are based on experimental studies and validated engine performance models. Engine-specific technical parameters, including shaft horsepower and fuel flow, are further verified using official manufacturer technical manuals and certified engine documentation. The selected sample consists of 34 single-engine light utility helicopters that are widely utilized in both civilian and military operations, including training, surveillance, medical evacuation, and transport missions. This ensures the representativeness of commonly used engine configurations within this helicopter class. Furthermore, emission values are derived or validated using ICAO Landing and Take Off (LTO) cycle-based modeling procedures in accordance with FOCA-approved methodologies, which are internationally recognized in aviation emission analysis. The integration of multiple independent data sources, together with standardized LTO based modeling and cross-validation procedures, enhances the robustness, consistency, and reliability of the dataset. Therefore, the data used in this study provide a scientifically sound and representative basis for the proposed multi-criteria decision-making analysis.




1.3.4. Proposed Approach


This study initially employs a model-driven data acquisition approach, collecting data for 34 green helicopters based on six criteria across five distinct states. A multi-criteria decision-making interval type-2 fuzzy approach is proposed for the assessment of eco-friendly helicopters. We evaluated two types of reduction methods: the weighted sum and the Taguchi loss function, which was presented as an alternative technique. Ultimately, a comparison of these two methodologies is conducted to substantiate our methodology. This section elucidates our comprehensive methodology, detailing the model-driven data acquisition approach, the characteristics of IT2F membership functions, the implementation of the Taguchi loss function as an alternative type of reduction strategy, and the ranking of green helicopters.




1.3.5. Model Driven Data Acquisition and Approach Details


The study implements a detailed methodology for collecting and preparing datasets necessary to determine the emission indices of single-engine light utility helicopters, which are influenced by engine power and fuel flow during the LTO cycle [76,77]. To robustly evaluate the environmental performance of these helicopters, a hybrid multi-criteria decision-making framework is employed, integrating AHP, VIKOR, and TOPSIS with an interval type-2 fuzzy approach. This methodology enables precise ranking and classification of helicopters into eco-label categories green, greener, and greenest by effectively handling uncertainty and ambiguity in both performance and emission data.



Figure 1 presents a schematic illustration of a single-engine light-duty helicopter, providing a visual reference for the type of aircraft analyzed in this study, while serving as the basis for applying the combined interval type-2 interval type-2 fuzzy AHP (IT2F-AHP)–VIKOR–TOPSIS methodology [78,79].





1.4. Related Works


This section summarizes the main MCDM methods used in the fields of aviation and transportation, along with related studies. The table provides a comparative overview of the development of classical and fuzzy approaches, the methods employed, and the key limitations identified in the existing literature.



The comparison in Table 3 highlights that although MCDM methods are widely used in aviation-related decision problems, most existing studies rely on either single-method approaches or basic fuzzy extensions. Classical AHP and TOPSIS approaches are frequently used, but they are limited in handling uncertainty. Even when fuzzy logic is applied, it is mostly restricted to type-1 fuzzy sets, which cannot fully capture the uncertainty present in emission data and expert judgments. Furthermore, hybrid combinations of AHP, VIKOR, and TOPSIS are rarely implemented within a single unified framework, and the use of interval type-2 fuzzy sets remains limited in aviation engine-level environmental studies. In particular, helicopter engine evaluation under different LTO cycle phases has not been sufficiently addressed in the literature. Therefore, the present study contributes to the literature by integrating interval type-2 fuzzy sets with AHP, VIKOR and TOPSIS in a single hybrid framework. This allows simultaneous handling of uncertainty, weighting of criteria, compromise ranking, and result validation, providing a more robust and reliable decision-making structure for helicopter engine environmental assessment.





2. Materials and Methods


This study proposes a structured multi-criteria decision-making (MCDM) framework based on interval type-2 fuzzy sets (IT2FS) to evaluate the environmental performance of single-engine light utility helicopter engines under uncertainty. The proposed model integrates IT2FS with Analytic Hierarchy Process (AHP), VIKOR, and TOPSIS methods in a unified decision support structure.



2.1. İnterval Type-2 Fuzzy AHP (IT2F-AHP) Methodology for Determining Experts’ Weights for Criteria


Interval type-2 fuzzy AHP (IT2F-AHP) is a well organized approach for determining the criteria weights and for the justification of multi-criteria GDM problems using fuzzy set theory. DMs specify choices in the form of ordinary language and allocate them to the attribute chosen for the assessment of the decision problem. Ref. [59] employed AHP to solve complex multi-criteria GDM problems by breaking the hierarchical structure into simpler compositions. İnterval type-2 fuzzy AHP (IT2F-AHP) overcomes the limitation of qualitative criteria and solves the subjectivity, imprecision, and vagueness that are present in the decision problem to formulate the uncertainties associated with perceptions and preferences. The fuzzy linguistic and numerical preferences are normalized via these structural models in uncertain systems when DMs lack the necessary data. In the interval type-2 fuzzy AHP (IT2F-AHP) method, a judgmental matrix is established for pairwise comparison of criteria, then fuzzy arithmetic and aggregation operators are used to carry out the procedural calculations for determining the weights. In this study, interval type-2 fuzzy numbers (upper–lower membership functions)s were employed in order to enhance the degree of judgment and bring flexibility in decision-making. DMs specified their preferences in the form of natural language expressions instead of numerical values, which brought a large cogitation to specify the preferences and identify the thoughts in a more systematic way. Figure 1 shows the flow chart of this study and the decision-making procedure for energy systems selection. The determination of weights was carried out in the following steps. (1) The decision problem was hierarchically modeled, containing the goals. (2) The priorities for the weights of criteria were established by judging the pairwise comparisons. (3) The outcomes were synthesized by judging the overall priorities for the hierarchy. (4) The consistency of the judgments was examined. The overall methodology follows a systematic and structured workflow to ensure reproducibility and transparency. The process can be summarized as follows:



Figure 2 visually represents the systematic methodology followed in this study. The process consists of data collection, criteria selection, data normalization, criteria weighting using AHP, VIKOR analysis, TOPSIS comparison, and sensitivity analysis, leading to the final ranking. Data collection involves gathering essential information for 34 helicopter engines, including SHP, fuel flow, and emission values. During criteria selection, SHP is defined as a benefit criterion, whereas fuel flow and emissions (HC, CO, PM, NOx) are considered cost criteria. Data normalization ensures comparability among criteria with different measurement units. AHP is then applied to quantify the relative importance of each criterion numerically. Subsequently, VIKOR computes group utility (S), individual regret (R), and the compromise index (Q) to rank the engines. TOPSIS is used to validate the VIKOR rankings by measuring the proximity of engines to the ideal solution (CC), and sensitivity analysis examines the robustness of the model under changes in key criterion weights. This flowchart clearly demonstrates the step-by-step progression of the study, the integration of multiple methodologies, and the systematic approach for obtaining reliable and environmentally meaningful engine rankings in Table 4.



The helicopter engine characteristics were evaluated based on a set of criteria using expert judgment. A pairwise comparison approach was conducted, and the experts were first informed about the use of fuzzy linguistic terms in the comparison process. A group consensus is sought. Experts may disagree. In such cases, the majority decision can be used. Or the average of expert opinions can be taken. Averaging is a common method. It reflects the views of all decision makers. Max-min rules can also be applied. These are alternative aggregation methods. The criteria considered under helicopter engine characteristics (HC) were defined as follows: C1: shaft horsepower (SHP), C2: fuel flow (kg/s), C3: hydrocarbon emissions (HC), C4: carbon monoxide (CO), C5: particulate matter (PM), and C6: nitrogen oxides (NOx). The weight of each criterion was calculated by summing the allocated weights given in Table 4, and the collected expert opinions were averaged by dividing the total values by the number of experts. A total of twelve domain experts contributed to the evaluation, and their opinions were categorized under three main decision maker perspectives; since the experts came from different domains, the decision-making environment was considered non-homogeneous. The fuzzy extent analysis method [88] was employed to determine the interval type-2 fuzzy numbers (upper–lower membership functions), and Equation (1) was used for the calculation of the criteria weights.


      w  ~    i j   =    1   K     [    W   j    (  1  )     (  +  )    W   j    (  2  )     (  +  )  … ( + )   W   j    (  K  )     ]   



(1)




where     ω   j   ( K )     represents the weight assigned to the j-th criterion by the K-th expert. Table 5 presents the fuzzy evaluation matrix of the criteria, in which the weights are derived from the linguistic values provided in Table 6.



In order to describe the membership functions, interval type-2 fuzzy numbers (upper–lower membership functions) (TFNs) are defined by a triplet of real numbers, (l, m, u), representing the lower, modal (mean), and upper values of the membership degree, respectively. Algebraic operations on TFNs can be expressed using fuzzy set theory; in particular, the inverse operation is given in Equation (2). Let AAA be an interval type-2 fuzzy number (upper–lower membership functions) such that A = (    l   1   ,   m   1   ,   u   1    ); the inverse of this set can be expressed as follows:


    A   − 1   =    (    l   1   ,   m   1   ,   u   1    )    − 1   =  (     1     u   1      ,    1     m   1      ,    1     i   1       )   



(2)








2.2. Data Collection and Preprocessing


The dataset includes 34 helicopter turboshaft engines classified according to ICAO standards. The selected emission indicators are consistent with internationally accepted aviation environmental assessment frameworks, particularly the ICAO Landing and Take-Off (LTO) cycle methodology. This study focuses exclusively on light single-engine helicopter engines in order to ensure data consistency and comparability across alternatives. Six criteria were selected to capture both performance and environmental impact in Table 7:



This study evaluates helicopter engines using six criteria to capture both performance and environmental considerations. Shaft horsepower (SHP) is treated as a benefit criterion since higher power output directly improves operational capability. In contrast, fuel flow, along with emissions such as hydrocarbon (HC), carbon monoxide (CO), particulate matter (PM), and nitrogen oxides (NOx), is considered a cost criterion because lower values indicate better environmental performance. This clear classification ensures that the evaluation framework rewards efficiency while discouraging high fuel consumption and pollutant emissions, thereby supporting a balanced Multi-Criteria Decision-Making (MCDM) approach. The operational emission ranges for the Landing and Take Off (LTO) cycle are adopted from internationally recognized aviation environmental assessment frameworks, particularly the ICAO Engine Emissions Databank and FOCA emission inventory methodology [86,89] as follows: HC ranges from 0.2 to 6 g/kg, CO from 5 to 60 g/kg, NOx from 6 to 15 g/kg, PM from 0.1 to 0.25 g/kg, and fuel flow from 0.01 to 0.035 kg/s.



These ranges provide a realistic reference for assessing engine performance under standard operating conditions. For illustration, engine A1 is characterized by the following values: SHP of 1800, fuel flow of 0.033 kg/s, HC emissions of 5.8 g/kg, CO emissions of 45 g/kg, PM emissions of 0.21 g/kg, and NOx emissions of 11 g/kg. All engine data are compiled in Table 8, which outlines the helicopter engine characteristics and serves as the primary dataset for the subsequent MCDM analysis. Shaft horsepower (SHP) represents the usable mechanical power delivered at the output shaft of a turboshaft engine. Since turboshaft engines operate based on gas turbine principles, SHP does not refer to piston motion but to the rotational power output used for helicopter propulsion. SHP is treated as a benefit criterion in this study because higher power output enhances operational capability and overall engine performance. Hydrocarbon emissions (HC), carbon monoxide (CO), particulate matter (PM), nitrogen oxides (NOx), and fuel flow are considered cost criteria, as lower values indicate improved environmental efficiency.



The engine performance and emission data presented in Table 8 are compiled from multiple validated sources to ensure reliability and traceability. The primary data source is the Federal Office of Civil Aviation (FOCA) database, which provides standardized and verified emission inventories for helicopter operations. Engine performance parameters such as shaft horsepower (SHP) and fuel flow are obtained from official manufacturer technical manuals and certified engine documentation. Where direct measurements are not available, values are estimated using ICAO Landing and Take-Off (LTO) cycle-based emission modeling procedures in accordance with FOCA-approved methodologies. SHP represents shaft horsepower, HC denotes hydrocarbon emissions, CO represents carbon monoxide, PM indicates particulate matter, and NOx refers to nitrogen oxides. Table 8 summarizes the operational and environmental characteristics of the 34 helicopter engines, including SHP, fuel flow, and emission indices (HC, CO, PM, and NOx). The dataset reveals significant variations in both performance and environmental impact across the engines. For instance, engines such as A1 and A2 provide high power outputs (1800 and 1700 SHP, respectively) but are associated with higher fuel consumption and increased emission levels, indicating greater environmental impact. In contrast, engines such as A34 and A29 operate at lower power levels (370 and 400 SHP) yet exhibit reduced fuel consumption and lower emissions, demonstrating higher environmental efficiency despite lower power output. Mid-range engines such as A6, A7, and A10 show more balanced characteristics, combining moderate SHP values with relatively controlled emission levels and may therefore be considered compromise alternatives. This trade-off between performance and fuel consumption is further illustrated in Figure 3, which shows the relationship between shaft horsepower (SHP) and fuel flow for all 34 helicopter engines. The figure clearly indicates that higher SHP values are generally associated with increased fuel flow, highlighting the inherent efficiency performance trade-off in helicopter engine operation.



Furthermore, the distribution of PM and NOx values indicates that many engines fall within close emission ranges, implying that even minor variations in these pollutants can significantly influence final rankings in a multi-criteria decision-making framework. Overall, Table 8 highlights the inherent trade-off between engine performance and environmental impact, where higher power output is generally associated with increased emissions. Only helicopter engines with complete datasets across all six evaluation criteria (SHP, fuel flow, HC, CO, PM, and NOx) and all LTO operational phases were included in the analysis. Engines with incomplete or inconsistent records were excluded to ensure data consistency and comparability across all alternatives. The relationship between shaft horsepower (SHP) and fuel flow is inherently non-linear due to the thermodynamic behavior of turboshaft engines operating under varying load conditions across different phases of the LTO cycle. In this study, this non-linearity is not assumed as a linear function but is implicitly captured through the normalization process and the multi-criteria decision-making structure. Since fuel flow increases disproportionately with higher SHP values, especially during takeoff and climb phases, the decision matrix reflects this variation through cost-based normalization and weighted aggregation. Furthermore, the integration of AHP-derived weights ensures that emission and fuel efficiency criteria are evaluated relative to their marginal impact rather than assuming linear proportionality. As a result, the proposed hybrid MCDM framework (IT2F-AHP–VIKOR–TOPSIS) effectively preserves the nonlinear interaction between performance and fuel consumption without requiring an explicit functional form.



The scatter plot illustrates the relationship between shaft horsepower (SHP) and fuel flow for the helicopter engines (Figure 3), with color coding indicating their environmental impact: green for low impact (low fuel consumption), yellow for moderate impact, and red for high impact (high fuel consumption). The figure highlights a clear trade-off between engine power and fuel efficiency. For instance, engines A1 and A2 deliver high SHP but exhibit high fuel consumption, positioning them in the red zone and indicating a greater environmental burden. In contrast, engines like A34 achieve moderate SHP while maintaining low fuel flow, placing them in the green zone and demonstrating more environmentally efficient performance. The distribution of points suggests that some engines can provide substantial power without a corresponding increase in fuel usage, revealing opportunities for optimizing engine design to balance performance and environmental sustainability. This pattern confirms the non-linear increase in fuel flow with respect to SHP under LTO operational conditions.



The scatter plot illustrates the relationship between nitrogen oxides (NOx) and particulate matter (PM) emissions across the helicopter engines, as shown in Figure 4, with color coding used to represent environmental impact levels: green for low emissions, yellow for moderate emissions, and red for high emissions. This representation provides a clear overview of how each engine performs in terms of its environmental footprint. From the visualization, engines such as A34 and A29 are located in the green zone, indicating that they produce relatively low levels of both NOx and PM. These engines can therefore be considered the most environmentally efficient among the dataset. On the other hand, engines like A1 and A2 appear in the red zone, reflecting higher emission values and a correspondingly greater environmental impact. The plot also shows that some engines exhibit low particulate matter emissions while maintaining comparatively higher NOx levels. This suggests that emission reduction efforts should particularly focus on controlling nitrogen oxides, as improvements in this area could significantly enhance overall environmental performance. The scatter plot serves as an effective visual tool for comparing engines and identifying those with lower environmental impact, thereby supporting more informed and sustainability-oriented decision-making.



Figure 5 presents a radar chart illustrating the combined environmental performance of all 34 helicopter engines across six key criteria: shaft horsepower (SHP), fuel flow, hydrocarbon (HC), carbon monoxide (CO), particulate matter (PM), and nitrogen oxides (NOx). Each engine is represented by a polygon connecting its normalized values across these criteria, with polygons closer to the center indicating lower fuel consumption and emissions, and thus better environmental performance, while those extending outward reveal higher environmental impact. The chart shows that engines A34, A29, and A32 cluster near the center, forming compact green polygons, which reflects their balanced efficiency with low emissions and moderate power, making them the most environmentally friendly alternatives. In contrast, engines A1 and A2 stretch toward the outer edges, particularly along the fuel flow, HC, and CO axes, highlighting their high environmental burden due to elevated fuel use and emissions. Mid-range engines, such as A10, A15, and A20, occupy intermediate positions, performing reasonably in some criteria like PM or NOx but less efficiently in others, demonstrating trade-offs among the environmental indicators. This radar visualization complements the SHP vs. fuel flow scatter plot, which emphasizes that high engine power does not necessarily mean poor fuel efficiency, and the NOx vs. PM emissions plot, which identifies emission hotspots needing mitigation. Overall, the radar chart provides a holistic, at-a-glance comparison, allowing decision makers to quickly discern top-performing engines from low-performing ones, understand the influence of emissions and fuel consumption on environmental performance, and identify specific areas where improvements can be made for less efficient engines.




2.3. Fahp Algorithm Based on Fuzzy Synthetic Extent Analysis


Let   X =  {    x   1   ,   x   2   ,   x   3   , … ,   x   n    }    denote the set of alternatives, while   G =      {    g   1   ,   g   2   ,   g   3   , … ,   g   n    }    represents the set of evaluation goals. Using Chang’s synthetic extent analysis approach [28], a separate extent value is computed for each goal with respect to every alternative. As a result, each alternative is associated with m synthetic extent values, which can be expressed through the following parameters:


    M   g i   1   ,   M   g i   2   , … ,   M   g i   m   ,   i = 1 ,   2 ,   … ,   n ,  



(3)




where     M   g i   j   ,   j = 1 ,   2 ,   … , n   are represented as interval type-2 fuzzy numbers (upper–lower membership functions). The extent analysis procedure proposed by references [28] is outlined as follows:



Step 1: In this step, the fuzzy synthetic extent corresponding to the iii th object is determined. The aggregated fuzzy value is obtained by summing the mmm interval type-2 fuzzy numbers (upper–lower membership functions)s, expressed as      ∑  j = 1   m       M   g i   j      , for the given matrix defined in Equation (3).


     ∑  j = 1   m       M   g i   j     =  (     ∑  j = 1   m       l   j     ,      ∑  j = 1   m       m   j     ,      ∑  j = 1   m       u   j      )   



(4)







Equation (4) was used to calculate the fuzzy synthetic extent values, and the resulting outcomes are summarized in Table 9.


     ∑  j = 1   m       M   1 i   j     =  (     ∑  j = 1   m       l   j     ,      ∑  j = 1   m       m   j     ,      ∑  j = 1   m       u   j      )  =  (  1 + 4 + 4.33 + … , 1 + 5 + 5 + … , 1 + 6 + 5.66 + …  )   



(5)







To determine the inverse matrix      [     ∑  j = 1   n        ∑  j = 1   m       M   g i   j        ]    − 1    , the interval type-2 fuzzy numbers (upper–lower membership functions)     M   g i   j    (  j = 1 ,   2 ,   … ,   m  )    are first accumulated. In this process, the minimum values are denoted by    (    l   i    )   , the central values by    (    m   i    )    and the maximum values by    (    u   i    )   , which are then combined according to the corresponding decision criteria. This procedure yields the total aggregated results as specified in Equation (3). In order to obtain the inverse matrix      [     ∑  j = 1   n        ∑  j = 1   m       M   g i   j        ]    − 1    , the values of     M   g i   j    (  j = 1 ,   2 ,   … ,   m  )    are added such that the lowest values are indicated by    (    l   i    )   , the middle values by    (    m   i    )    and the upper values by    (    u   i    )    that are all summed to the decision criteria of the consecutive value. Hence, the total values presented in Equation (6) are obtained:


     ∑  j = 1   n        ∑  j = 1   m       M   g i   j   =  (  124.34 ,   149.12 ,   178.23  )       



(6)




and then, the inverse of the previous vector is obtained for the total values using Equations (7) and (8):


     [     ∑  j = 1   n        ∑  j = 1   m       M   g i   j        ]    − 1   =  (     1      ∑  j = 1   m       u   j        ,      1      ∑  j = 1   m       m   j        ,      1      ∑  j = 1   m       l   j         )     [     ∑  j = 1   n        ∑  j = 1   m       M   g i   j        ]    − 1   =  (     1   124.34    ,      1   149.12    ,      1   178.23     )   



(7)






     (     ∑  j = 1   n        ∑  j = 1   m       M   g i   j        )    − 1   =  (  0.005611 ,   0.006706 ,   0.008043  )   



(8)







The inverse vector, calculated according to Equation (9), was employed to derive the fuzzy weights of the evaluation criteria. The resulting values are summarized in Table 10.


    S   i   =    ∑  j = 1   m       M   g i   j     ×    [     ∑  i = 1   n       ∑  j = 1   m      M   g i   j        ]    − 1    



(9)






    S   i   =  (  0.005611 ,   0.006706 ,   0.008043  )  ×  (  25.27 ,   31.15 ,   36.24  )  =  (  0.14179 ,   0.20889 ,   0.29147  )   











Step 2: Let us assume       M   1    ~  =  (    l   1   ,   m   1   ,   u   1    )    and       M   2    ~  =  (    l   2   ,   m   2   ,   u   2    )    are two TFNs, the degree of possibility of     M   2   =  (    l   2   ,   m   2   ,   u   2    )    ≥     M   1   =  (    l   1   ,   m   1   ,   u   1    )    can be defined as given in Equation (10):


  V  (      M   2    ~  ≥     M   1    ~   )  =   s u p   y ≥ x    [  m i n  (    μ       M   1    ~     (  x  )  ,     μ       M   2    ~     (  y  )   )   ]   



(10)







As defined in Equation (10), the degree of possibility within the fuzzy framework is expressed through three key components: the lower, middle, and upper bounds. These parameters collectively capture the uncertainty and variability present in the system. The lower bound represents the minimum feasible value, the middle bound corresponds to the most likely or representative value, while the upper bound defines the maximum potential value. To clarify this concept, sample calculations are provided to demonstrate how these bounds are obtained and interpreted in practical applications. These examples make it easier to understand how the degree of possibility is computed and how different fuzzy numbers respond under varying conditions. Furthermore, Table 11 compiles the calculated degrees of possibility for the convex fuzzy numbers considered in this study. This table offers a structured overview that supports comparison and facilitates analysis of the fuzzy values within the proposed model.


  V  (      M   2    ~  ≥     M   1    ~   )  = h g t  (      M   1    ~  ∩     M   2    ~   )  = μ   M   2    (  d  )   



(11)






  μ M  (  x  )  =  {      1 ,     i f         m   2   ≥   m   1         0 ,     i f         l   1   ≥   u   2              l   1   −   u   2      (    m   2   −   u   2    )  −  (    m   1   −   l   1    )     ,           o t h e r w i s e        



(12)






  V  (    C   1   ≥   C   2    )  = V  (      M   2    ~  ≥     M   1    ~   )  =  (   (  0.14179 , 0.20889 , 0.29147  )  ≥  (  0.11551 , 0.16155 , 0.22407  )   )  = 1  










  V  (    C   2   ≥   C   4    )  = V  (      M   2    ~  ≥     M   4    ~   )  =  (   (  0.1154 , 0.16154 , 0.22406  )  ≥  (  0.1316 , 0.18563 , 0.25706  )   )  = 0.78  










  V  (    C   4   ≥   C   6    )  = V  (      M   5    ~  ≥     M   6    ~   )  =  (   (  0.02567 , 0.03177 , 0.05653  )  ≥  (  0.0384 , 0.06516 , 0.11103  )   )  = 0.345  











Step 3: Using Equation (8), the likelihood that a convex fuzzy number exceeds each of the kkk convex fuzzy numbers     M   i     (i = 1, 2, …, k) is determined.


  V  (  M ≥   M   1   ,   M   2   , … ,   M   k    )  = V  



(13)






  m i n V  (  M ≥   M   i    )   











Let   d  (    A   i    )  =   be defined as   d  (    A   i    )  = m i n V  (    S   i   ≥   S   k    )    for all   k   =   1 ,   2 ,   …   ,   n ;   k ≠ i  . Based on this definition, the corresponding weight vector can be expressed as W0, where each     A   i     =   ( i   =   1 ,   2 ,   …   ,   n )   represents a different alternative energy system. Figure 6 illustrates the structure of Equation (6), where the parameter ddd denotes the maximum intersection point between the membership functions   μ   M   1     and   μ   M   2    , used for comparing the fuzzy numbers     M   1     and     M   2    . For a proper comparison of alternative energy systems, both   V  (    M   1   ≥   M   2    )    and   V  (    M   2   ≥   M   1    )    values need to be evaluated.


  m i n V  (  M ≥   M   1    )  = M i n  (  1 ,   0.635 ,   0.389 ,   0 ,   0 ,   0 ,   0 ,   0 ,   0  )  = 0  










  m i n V  (  M ≥   M   2    )  = M i n  (    0.635 ,   1 ,   1 ,   0.793 ,   1 ,   1 ,   1 ,   1 ,   1 ,   0.635  )  = 0.635  










  m i n V  (  M ≥   M   3    )  = M i n  (  0.389 ,   0.739 ,   1 ,   0.531 ,   1 ,   1 ,   1 ,   1 ,   1 ,   0.389  )  = 0.389  











Step 4: A normalization procedure is applied to obtain the normalized weight vector     W   s     using Equation (14), where     W   s     consists of non-fuzzy values.


  W =    (  d  (    A   1    )  ,   d  (    A   2    )  , … , d  (    A   N    )   )    T    



(14)







The set of normalized weights was as follows: 0.3502, 02223, 0.1362, 0.2914, 0, 0, 0, 0, 0.



The Analytic Hierarchy Process (AHP) quantifies the relative importance of each criterion via pairwise comparisons. The resulting normalized weights are listed in Table 12.



The Consistency Ratio (CR) was calculated and found to be less than 0.1, confirming the reliability of the weightings. This ensures that the evaluation reflects the relative importance of environmental criteria rather than arbitrary assumptions. The Consistency Ratio (CR) in this study is derived from the defuzzified pairwise comparison matrix. First, the fuzzy comparison values are converted into crisp numbers, and the principal eigenvalue (λmax) of the matrix is computed. The Consistency Index (CI) is then calculated using   C I =      λ   m a x   − 1   n − 1     , where n is the number of criteria. The CR is obtained by dividing CI by the Random Index (RI), as   C R =    C I   R I     . If the CR value exceeds 0.1, the pairwise comparison matrix is revised by the decision makers to improve consistency; otherwise, the judgments are accepted as reliable. In this study, all CR values were found to be below the acceptable threshold, ensuring the consistency and reliability of the expert judgments.




2.4. Vikor Method for Compromise Ranking


Fuzzy VIKOR is a practical approach for solving multi-criteria group decision-making (GDM) problems, especially in situations where decision makers (DMs) cannot clearly express their preferences at the initial stage. The method aims to balance two main aspects: the collective satisfaction of the majority, represented by the group utility measure     S   i     (Equation (11)), and the individual dissatisfaction of the worst case, represented by the regret measure (Equation (12)). By combining these two components, a compromise solution can be identified. In this study, the preferences of DMs are incorporated through interval type-2 fuzzy AHP (IT2F-AHP), where criteria weights are determined based on expert judgments. This allows the decision process to reflect a consensus built through negotiation and compromise. Additionally, heterogeneous fuzzy information is transformed into a unified structure using an extended VIKOR approach [60], ensuring consistency across different types of data. The fuzzy VIKOR method ranks alternatives based on a merit function, which is evaluated using a selected value that reflects the importance of group utility versus individual regret. This makes the approach flexible and adaptable to different decision contexts. Due to its robustness, fuzzy VIKOR is widely used in solving complex decision-making problems involving conflicting criteria. Fuzzy GDM methods have also been extended with various types of uncertainty modeling, including intuitionistic fuzzy sets [61], Pythagorean fuzzy sets [62,63], and hesitant linguistic approaches [64], making them applicable in many different domains. In this framework, the group of DMs identifies the positive ideal solution     f   i   ∗     and the negative ideal solution     f   i   −     for each criterion using Equation (15). Each alternative is then evaluated with respect to these reference points, and a final ranking is obtained by averaging the assessments. This process highlights alternatives that are closest to the ideal solution     f   ∗     as summarized in Table 13.


    f   i   ∗   =    m a x     j     {    f   i j    }  ,      f   i   −   =    m a x     i     {    f   i j    }     



(15)







The maximum group utility     S   i     and the individual regret     R   i     are calculated using Equations (11) and (12), respectively. The VIKOR approach then establishes a compromise ranking of the alternatives by jointly considering both the group utility S and the regret value R, ensuring a balanced evaluation between collective and individual criteria.



Step 1: Determine best and worst values


    ∫  j   ∗    =     b e s t ,        ∫  j   −    =   w o r s t  



(16)







Step 2: Compute S and R


    S   i   =    ∑  j = 1   n       w   j          f   j   ∗   −   f   i j       f   j   ∗   −   f   j   −       



(17)






    R   i   =    m a x     j     [    w   i        f   j   ∗   −   f   i j       f   j   ∗   −   f   j   −       ]   



(18)







Step 3: Compute Q


    Q   i   = ϑ      S   i   −   S   ∗       S   −   −   S   ∗      + ( 1 − ϑ )      R   i   −   R   ∗       R   −   −   R   ∗       



(19)




where   ϑ = 0.5  .



Here     S   ∗     represents the minimum value and     S   −     represents the maximum value among the     S   i     values, while     R   ∗     and     R   −     denote the minimum and maximum values of     R   i    , respectively. The parameter   v   is used as a weight to emphasize the strategy of achieving the highest group utility, whereas   ( 1 − v )   reflects the importance assigned to individual regret. In this context, the final decision is influenced by both the group utility     S   j     and the minimum individual regret     R   j    , following the majority rule. Typically, the value of   v   is taken as 0.5, although it can vary within the range of 0 to 1 depending on the decision makers’ preferences. By ranking the alternatives according to the values of S, R, and Q in ascending order, three separate ranking lists are obtained, which provide a comprehensive evaluation of the alternatives. Assuming that an alternative     A   l     achieves the lowest value of the merit function Q and meets the required conditions, it can be considered the best compromise solution. In general, an alternative     A   1     can be selected as the top-ranked option based on the minimum Q value, provided that it satisfies the necessary conditions. This involves, first, evaluating all alternatives with respect to each criterion, and second, ranking them based on their closeness to the ideal solution using the fuzzy VIKOR approach, which is particularly useful for handling decision-making problems involving criteria with different units. The fuzzy linguistic terms and their corresponding fuzzy numbers used in this analysis are summarized in Table 14.



The alternatives considered in this study were different helicopter engine types (A1–A34). The criteria set considered for the evaluation of helicopter engine characteristics are presented in Table 15.




2.5. Topsis Method for Validation


Reference [65] introduced the fundamental concept of the TOPSIS method. Later, reference [66] applied the fuzzy TOPSIS approach to address group decision-making (GDM) problems in uncertain environments, including applications such as construction project risk assessment and compressor selection in the petrochemical sector [67]. In this study, the evaluations of decision makers (DMs) regarding the energy systems were collected and treated with equal importance in the decision process. A total of eight alternative energy systems were assessed based on nine different criteria. The fuzzy TOPSIS method was implemented through a series of structured steps.



Step 1: fuzzy linguistic terms given in Table 13 were utilized to aggregate the evaluation values. Equation (20) was applied to compute the average of fuzzy numerical values. Let N = {    n   1    ,      n   2    ,…,      n   9    } represent the set of energy systems under consideration. At the initial stage, the DMs assigned fuzzy numerical ratings to each system according to the defined criteria. These ratings were then combined with the corresponding criteria weights by multiplying the decision matrix with the weights and summing the results to obtain an overall evaluation score for each alternative.


      x   i j    ~  =    1   N     [      x  ~    i j    (  1  )     (  +  )      x  ~    i j    (  2  )     (  +  )  … ( + )     x  ~    i j   ( N )    ]   



(20)







Here,       x   i j    ~    represents the fuzzy values assigned by the k-th decision maker for each energy system with respect to the corresponding criteria. The symbol (+) denotes the fuzzy addition operation. Based on these values, the fuzzy decision matrix X = (e      x   i j    ~   )nxm is constructed, where all elements are expressed in fuzzy numerical form. The set of criteria is treated as the decision parameters, incorporating both linguistic terms (xi) and their corresponding outcomes. In this context,   μ  (xi) denotes the membership function, which maps each criterion value to its associated fuzzy representation, allowing the integration of linguistic assessments into the fuzzy decision-making process.



Step 2: The normalization of data can guarantee that the decision matrix presents the range of normalized TFNs data in the interval of [0, 1]. The fuzzy decision matrix normalized,   μ   R   i j    , is presented in Equations (21) and (22) for energy systems related to the corresponding criteria. In these two equations, B and C represent the benefit criteria and cost criteria set, respectively.


      R   i j    ~  =    [      r   i j    ~   ]    m × n   ,   i = 1 ,   2 ,   … ,   n  



(21)






       r   i j    ~  =  (    r   i j   l   ,   r   i j   m   ,   r   i j   u    )  =  (       x   i j   l       C   j   ∗      ,      x   i j   m       C   j   ∗      ,      x   i j   u       C   j   ∗       )  ,     I = 1 ,   2 ,   3 ,   … ,   m ,   j ∈ B   



(22)






    C   j   ∗   =    m a x   t     [    x   i j   u    ]  ,   j = 1 ,   2 ,   3 ,   … ,   n .  










    C   j   −   =    m i n   t     [    x   i j   i    ]  ,   j = 1 ,   2 ,   3 ,   … ,   n .  











Equation (22) was used to compute the maximum value (    C   j   ∗    ) for each energy system based on the evaluations provided by the decision makers. In addition, Equation (23) defines the normalized weighted fuzzy decision matrix, which converts the decision criteria into a standardized fuzzy scale within the interval [0, 1].


    V  ~  =    [      v   i j    ~   ]    m × n   ,   i = 1 ,   2 ,   … ,   m ;   j = 1 ,   2 ,   … ,   n  



(23)






      v   i j    ~  =  (    v   i j   l   ,   v   i j   m   ,   v   i j   u    )  =   w   j   ×     r  ~    i j   =  (    w   j   l     r   i j   l   ,   w   j   m     r   i j   m   ,   w   j   u     r   i j   u    )   











Thus, the fuzzy positive ideal solution (FPIS) and the fuzzy negative ideal solution (FNIS) are represented as     A   ∗     and     A   −    , respectively, as defined in Equations (19) and (20).


    A   ∗   =  (    v   1   ∗   ,   v   2   ∗   , … ,   v   n   ∗    )   










    A   −   =  (    v   1   −   ,   v   2   −   , … ,   v   n   −    )   










    v   j   ∗   =  (  m a x  {    v   i j   l    }  , m a x  {    v   i j   m    }  , m a x  {    v   i j   u    }   )      j = 1 ,   2 ,   … ,   n  










    v   j   −   =  (  m a x  {    v   i j   l    }  , m a x  {    v   i j   m    }  , m a x  {    v   i j   u    }   )      j = 1 ,   2 ,   … ,   n  











Normalization serves as a defuzzification step that transforms the decision matrix and allows the distance of each energy system from the ideal solution to be determined. In practice, an alternative may lie either closer to or farther from the ideal value on both sides. If the fuzzy positive ideal solution (FPIS) is denoted as     A   i   ∗     and the fuzzy negative ideal solution (FNIS) as     A   i   −    , then the vertex method can be applied to compute the distance between two interval type-2 fuzzy numbers (upper–lower membership functions) (TFNs). Accordingly, the fuzzy positive-ideal distance     d   i     and the fuzzy negative ideal distance     d   i     for the helicopter engine characteristics are calculated using Equations (24) and (25), respectively.


    d   i   ∗   =    ∑  j = 1   n     d  (      v   i j    ~  ,     v   j    ~   )    ,   i = 1 ,   2 ,   … ,   m  



(24)






    d   i   −   =    ∑  j = 1   n     d  (      v   i j    ~  ,     v   j    ~   )    ,   i = 1 ,   2 ,   … ,   m  



(25)







Helicopter engine characteristics     v    (  j  )    ∗   =  (    v   1   ∗   ,   v   2   ∗   , … ,   v   n   ∗    )  ,   helicopter engine characteristics     v    (  j  )    −   =  (    v   1   −   ,   v   2   −   , … ,   v   n   −    )   , where     v   j   ∗   =  (  1 ,   1 ,   1  )    and     v   j   −   =  (  0 ,   0 ,   0  )  ,   j = 1 ,   2 ,   … ,   n  


    H e l i c o p t e r   e n g i n e   c h a r a c t e r i s t i c s   ( 1 , … , 9 )   ∗   =  [   (  1 ,   1 ,   1  )  ,  (  1 ,   1 ,   1  )  , … ,  (  1 ,   1 ,   1  )  ,  (  1 ,   1 ,   1  )   ]   










    H e l i c o p t e r   e n g i n e   c h a r a c t e r i s t i c s   ( 1 , … , 9 )   −   =  [   (  0 ,   0 ,   0  )  ,  (  0 ,   0 ,   0  )  , … ,  (  0 ,   0 ,   0  )  ,  (  0 ,   0 ,   0  )   ]   











The distance terms     d   i   ∗     and     d   i   −     are used to measure how far each alternative is from the fuzzy positive and negative ideal solutions, and they are essential for calculating the closeness coefficient     C   i    . This coefficient is then used to establish the ranking of the energy systems. In Equation (24), the closeness coefficient for each alternative is determined by considering both the distance to the fuzzy positive ideal solution (FPIS) and the fuzzy negative ideal solution (FNIS). These distances are derived from the FPI distances     d   i   ∗     and the FNI distances     d   i   −     of the helicopter engine characteristics. By combining these measures, the overall proximity of each energy system to the ideal solution is obtained, allowing the alternatives to be ranked accordingly. The most suitable energy system is selected from among the nine alternatives based on this ranking for investment purposes. In this study, the TOPSIS method is used as a validation technique to support the results obtained from the VIKOR analysis. The method starts by identifying the ideal solution     A   +     and the negative ideal solution     A   −    , which represent the best and worst values across all criteria. Then, the Euclidean distances of each alternative from these reference points are calculated as     D   +    , (distance to the ideal solution) and     D   −    , (distance to the negative-ideal solution). Using these distances, the closeness coefficient   ( C C )   is computed for each alternative, indicating how close it is to the ideal solution and how far it is from the worst case scenario. This approach allows TOPSIS to provide a clear and reliable ranking of alternatives, making it an effective tool for validating the results of the overall decision-making process.


    C C   i   =      d   i   −       d   i   ∗   +   d   i   −        i = 1 ,   2 ,   … ,   m  



(26)







Higher   C C   indicates proximity to the ideal solution. This cross-validation confirms the reliability of the rankings.




2.6. Sensitivity Analysis


To test the robustness of the model, the weight of the NOx criterion was increased from 0.15 to 0.25. Ranking changes were minor, confirming that the model is insensitive to moderate weight variations. This demonstrates that the proposed methodology provides reliable and stable rankings. In addition, a full-phase sensitivity analysis was performed by varying the weights of all criteria (SHP, fuel flow, HC, CO, PM, and NOx) within a defined range to evaluate the stability of the ranking results.



2.6.1. Data Visualization


Figure 7 illustrates the relationship between shaft horsepower (SHP) and fuel flow for the 34 helicopter engines. The x-axis represents fuel flow (kg/s), and the y-axis represents SHP. Colors indicate environmental performance, with green for low impact, yellow for moderate impact, and red for high environmental impact. The graph highlights the balance between engine performance and environmental efficiency. Some engines achieve high SHP but have high fuel consumption, appearing in the red zone and indicating significant environmental impact. Conversely, engines with low fuel flow and moderate to high SHP are positioned in the green zone, reflecting both performance and environmental efficiency. Notably, fuel flow does not show a strictly linear relationship with SHP, indicating that some engines can maintain high power while remaining fuel efficient. This visualization allows decision makers to quickly identify engines that achieve an optimal balance between power and environmental sustainability.



These visualizations help to identify high-performing engines (low emissions, low fuel consumption) versus low-performing engines. Figure 8 compares NOx and particulate matter (PM) emissions for the 34 helicopter engines, with the x-axis representing NOx emissions (g/kg) and the y-axis representing PM emissions (g/kg). Color coding categorizes environmental performance, where green indicates low-emission engines, yellow indicates moderate emissions, and red indicates high-emission engines. The plot provides a direct visualization of environmental efficiency based on emissions. Green engines exhibit low levels of both NOx and PM, representing environmentally friendly options, while red engines with high emissions pose higher environmental and health risks. Some engines have low PM but high NOx, showing that performance in a single emission criterion does not guarantee overall environmental efficiency. This figure is particularly useful for identifying which engines should be prioritized for emission reduction strategies and environmental regulation compliance.




2.6.2. Full-Phase Sensitivity Analysis


To further evaluate the robustness and stability of the proposed model, a full-phase sensitivity analysis was conducted by systematically varying the weights of all evaluation criteria, including shaft horsepower (SHP), fuel flow, hydrocarbon (HC), carbon monoxide (CO), particulate matter (PM), and nitrogen oxides (NOx). Each criterion weight was individually increased and decreased within a predefined range while preserving the normalization condition of the decision matrix.



The resulting changes in alternative rankings were analyzed and compared with the baseline scenario obtained from the original weight configuration. The analysis reveals that the proposed hybrid MCDM framework demonstrates strong stability characteristics under varying weight conditions. Specifically, the top-ranked engines (A34, A29, A32) consistently maintain their positions across all tested scenarios, while the lowest-performing engines (A1 and A2) also remain unchanged. This indicates that both extreme ends of the ranking spectrum are highly robust against changes in decision maker preferences.



In contrast, only minor rank fluctuations are observed among mid-ranked alternatives, reflecting moderate sensitivity to local variations in specific criteria weights. However, these variations do not affect the overall ranking structure or compromise the identification of best and worst alternatives. Therefore, the proposed model provides reliable and consistent decision outcomes even under full phase uncertainty conditions.



The results presented in Table 16 clearly indicate that the proposed decision-making framework exhibits high robustness under full phase sensitivity conditions. Although individual variations in criterion weights lead to minor shifts in mid-ranked alternatives, the overall ranking structure remains highly stable. In particular, the top three alternatives (A34, A29, A32) consistently retain their superior positions across all scenarios, demonstrating strong resilience against changes in environmental weighting assumptions. Similarly, the lowest performing alternatives (A1 and A2) remain unchanged, confirming the stability of extreme ranking positions. This stability suggests that the decision model is not dominated by any single criterion but instead reflects a balanced integration of all environmental and performance factors. The observed robustness further supports the reliability and practical applicability of the proposed hybrid IT2F-AHP–VIKOR–TOPSIS framework for sustainable helicopter engine evaluation under uncertainty.






3. Results


In this study, the environmental performance of 34 helicopter engines was evaluated using a hybrid multi-criteria decision-making framework integrating VIKOR and TOPSIS methods. The results obtained from both approaches are presented in Table 17 through the VIKOR-based S (group utility), R (individual regret), Q (compromise index) values and the TOPSIS-based closeness coefficient (CC). A consistent ranking pattern is observed across both methods, indicating a strong agreement between VIKOR and TOPSIS outcomes. In general, engines with lower fuel consumption and emission levels achieve superior environmental performance, whereas high power engines tend to exhibit lower efficiency due to increased fuel use and emission outputs. This consistent behavior across both methods confirms the robustness and reliability of the proposed hybrid framework and highlights that environmental performance is primarily influenced by emission-related criteria rather than engine power alone.



To resolve potential ranking ambiguities observed in Table 15, a strict tie-breaking rule based on the Closeness Coefficient (CC) values is applied. In cases where alternatives exhibit identical or very close S, R, and Q values, priority is given to higher CC values. This ensures a unique and consistent ranking order across all 34 helicopter engine alternatives, eliminating duplicate rank positions and ensuring full comparability of the results. The results presented in Table 15 reveal a clear differentiation among the helicopter engines in terms of environmental performance. Engines A34, A29, and A32 exhibit the lowest Q values, indicating superior environmental performance, whereas A1 and A2 demonstrate the highest Q values, reflecting poor environmental characteristics due to high fuel consumption and emission levels. To better visualize these differences, the distribution of Q values is presented in Figure 9.



Figure 9 presents a bar chart illustrating the distribution of Q values for all 34 helicopter engines, where color coding enhances interpretation: green bars indicate low environmental impact, yellow represents moderate performance, and red highlights high environmental impact. The figure clearly demonstrates that environmental performance is not uniformly distributed across the alternatives. A distinct separation can be observed, with a small group of engines, particularly A34 (Q = 0.11), A29 (Q = 0.12), and A32 (Q = 0.13), clustered at the lower end of the Q scale, indicating superior environmental performance due to their low fuel consumption (approximately 0.010 kg/s) and reduced emission levels. In contrast, engines such as A1 (Q = 0.55) and A2 (Q = 0.52) are positioned at the upper end, reflecting significantly higher environmental impact driven by greater fuel flow and emission indices despite their high shaft horsepower (SHP). The approximate gap of 0.44 between the best and worst Q values highlights a substantial difference in environmental performance among the engines. Furthermore, the results reveal that engines with lower SHP generally achieve better environmental outcomes, while high-power engines tend to impose greater environmental burdens. This indicates that emission-related criteria, particularly NOx, PM and fuel consumption, play a more decisive role in determining environmental performance than engine power alone. Overall, the figure provides a clear and comprehensive visualization of engine rankings and confirms the effectiveness of the VIKOR method in distinguishing environmentally efficient alternatives. TOPSIS is used as a validation tool rather than an additional ranking method, since it provides a fundamentally different distance-based perspective compared to the compromise-based logic of VIKOR. This dual-method comparison is considered sufficient in MCDM literature for robustness assessment when strong agreement between methods is observed. To further verify the robustness of these findings, a comparison with TOPSIS results is presented in Figure 10. Additionally, a full-phase sensitivity analysis considering all evaluation criteria was conducted, and the results confirmed the stability of the proposed ranking structure. The obtained ranking results can also be interpreted as a decision-support indicator for environmental compliance assessment in aviation systems.



Figure 10 presents a bar chart illustrating the TOPSIS closeness coefficient (CC) values for all 34 helicopter engines, where higher CC values indicate better environmental performance. The distribution of CC values closely mirrors the VIKOR Q-value rankings, reinforcing the reliability and consistency of the hybrid MCDM approach. Engines such as A34 (CC = 0.92), A29 (CC = 0.91), and A32 (CC = 0.90) occupy the upper end of the chart, demonstrating their proximity to the ideal solution and confirming their superior environmental performance. In contrast, engines like A1 (CC = 0.12) and A2 (CC = 0.15) are located near the bottom, highlighting their distance from the ideal solution and poor environmental performance. The strong alignment between VIKOR and TOPSIS rankings reduces uncertainty in decision-making and validates the robustness of the proposed framework. This consistency also underscores the effectiveness of integrating interval type-2 fuzzy sets with AHP, VIKOR and TOPSIS in providing a comprehensive and reliable evaluation of helicopter engine environmental performance. Further insights into the ranking behavior of all alternatives are provided by the ranking curve shown in Figure 11.



Line graph showing sorted Q values from best to worst. Figure 11 illustrates the ranking curve based on Q values, providing insight into the distribution of environmental performance across all alternatives. The curve shows a relatively flat trend among the top-ranked engines, indicating similar environmental characteristics. However, as the ranking progresses, the curve becomes steeper, reflecting increasing differences in environmental performance. This behavior suggests that while top-performing engines are closely competitive, lower-ranked engines exhibit significantly poorer environmental characteristics. The non-linear shape of the curve indicates the presence of threshold effects in emission performance. Figure 11 reveals a non-linear distribution of environmental performance across the alternatives. The curve remains relatively flat among the top-ranked engines, indicating that these alternatives have similar environmental characteristics. However, as the ranking progresses, the curve becomes steeper, reflecting increasing differences in environmental performance. This behavior suggests that environmental performance is influenced by threshold effects, where small increases in emissions can lead to disproportionately large changes in ranking. To further evaluate the robustness of the proposed model, a sensitivity analysis was conducted by modifying the weight of the NOx criterion. The results are presented in Table 18.



Table 18 presents the results of the sensitivity analysis conducted by increasing the weight of the NOx criterion. The results indicate that the ranking of the helicopter engines remains largely stable despite the change in criteria weights. Specifically, the top-performing engines, including A34 and A29, maintain their positions as the first and second-ranked alternatives, respectively. Similarly, the lowest performing engines, such as A1 and A2, remain unchanged at the bottom of the ranking. Only minor changes are observed among mid-ranked alternatives. For instance, A21 improves from rank 4 to rank 3, while A32 drops slightly from rank 3 to rank 4. These small variations indicate that certain engines are sensitive to NOx emissions; however, the overall ranking structure remains consistent. The limited changes in ranking demonstrate that the proposed decision-making framework is robust and reliable. The stability of both top and bottom alternatives suggests that the model is not significantly affected by moderate variations in criteria weights, thereby reinforcing the validity of the obtained results. The sensitivity analysis results indicate that the top-performing engines maintain their positions even when the criteria weights are altered. Similarly, the lowest-ranked engines remain unchanged. Only minor variations are observed among mid-ranked alternatives. This confirms that the proposed model is highly stable and robust against changes in decision maker preferences. Overall, the findings of this study demonstrate that emission-related criteria, particularly NOx, PM, and fuel consumption, are the most critical factors in determining the environmental performance of helicopter engines. The results also highlight that higher engine power does not necessarily correspond to better environmental performance. The integration of VIKOR and TOPSIS methods provides a comprehensive evaluation framework that combines compromise ranking with distance-based validation. This hybrid approach enhances the reliability of the results and offers a practical decision support tool for environmentally sustainable helicopter engine selection.




4. Discussion


The integration of AHP, VIKOR, and TOPSIS within a hybrid MCDM framework offers significant advantages in evaluating the environmental performance of helicopter engines. AHP provides a structured and systematic approach for determining the relative importance of criteria through pairwise comparisons, ensuring consistency in decision-making [90,91]. VIKOR contributes by generating a compromise ranking that reflects a balance among conflicting criteria, making it particularly suitable for problems involving trade-offs between performance and environmental impact [25,92]. TOPSIS, on the other hand, strengthens the analysis by validating the ranking results through geometric distance from ideal and negative-ideal solutions, thereby enhancing the reliability of the outcomes [93,94]. Compared to traditional single-method approaches commonly used in earlier studies, this integrated framework demonstrates higher accuracy, improved robustness, and reduced uncertainty in the evaluation process [95,96]. Previous research in the literature has often relied on individual MCDM techniques such as AHP or TOPSIS alone, which may lead to biased or less stable results due to their methodological limitations, particularly in handling ambiguity and complex datasets [97,98]. By combining these methods with interval type-2 fuzzy sets, the proposed approach effectively addresses uncertainty in expert judgments and data variability, which is a limitation frequently highlighted in earlier studies [99,100]. Furthermore, while many existing studies focus on aircraft emissions or general aviation sustainability, the application of hybrid MCDM methods specifically to helicopter engine environmental performance remains relatively limited [101]. In this context, the present study contributes to the literature by introducing a comprehensive and practical evaluation framework tailored to helicopter engines, incorporating both performance and emission-based criteria. The findings emphasize that fuel efficiency and emission reduction play a more critical role than engine power alone, aligning with recent studies that highlight the importance of sustainable design in aviation systems [93,94]. Overall, the proposed hybrid approach not only advances methodological rigor but also provides valuable insights for decision makers aiming to promote environmentally responsible helicopter operations [102]. Additionally, the model demonstrates stable ranking behavior under full phase sensitivity analysis involving all criteria, further confirming its robustness and reliability in multi-criteria decision-making environments. The use of TOPSIS as a secondary validation method ensures cross-method consistency between a compromise-based (VIKOR) and a distance-based (TOPSIS) approach, which is widely accepted in MCDM studies for robustness verification. The combination of VIKOR and TOPSIS provides sufficient cross-validation by integrating two fundamentally different decision paradigms (compromise and distance-based), ensuring robustness of the results.



From a practical perspective, the proposed framework can support regulatory and certification processes in helicopter engine assessment. The derived environmental performance rankings can be used as a supplementary decision-support tool for aviation authorities such as ICAO or EASA during the evaluation of engine environmental compliance. In particular, the integration of emission-based criteria (NOx, CO, HC, PM) aligns with current international aviation emission standards and can assist in comparative assessment of engine technologies. Although the model does not replace formal certification procedures, it provides a structured and transparent decision support system that can help identify environmentally superior engine alternatives and guide policy-oriented decision-making. The proposed model can serve as a decision-support tool for aviation regulatory bodies in evaluating the environmental performance of helicopter engines in alignment with ICAO emission considerations. It is also important to emphasize that the proposed findings are specific to light single-engine helicopter systems and may not directly apply to multi-engine or heavy helicopter configurations due to differences in engine architecture and operational conditions.



The emission criteria used in this study (HC, CO, PM, and NOx) are consistent with internationally recognized aviation environmental assessment frameworks, particularly the ICAO Landing and Take-Off (LTO) cycle standards defined in ICAO Annex 16 [103], Volume II and FAA [98] aircraft engine emission certification procedures [104]. Therefore, although a direct numerical benchmarking with country-specific regulatory thresholds is not performed in this study, the selected indicators ensure compatibility with global aviation environmental assessment principles.




5. Conclusions


This study evaluates the environmental performance of 34 single-engine light utility helicopter engines using a hybrid multi-criteria decision-making (MCDM) framework that combines AHP, VIKOR, and TOPSIS methods. The assessment is based on six key criteria: shaft horsepower (SHP), fuel flow, hydrocarbon (HC), carbon monoxide (CO), particulate matter (PM), and nitrogen oxides (NOx), allowing both performance and environmental impacts to be considered simultaneously. The relative importance of these criteria was determined using AHP, while VIKOR was applied to obtain a compromise ranking of the engines. The results were further validated through TOPSIS, ensuring consistency and reliability. The findings show that the HUGHES 500 (DDA250-C18, corresponding to A34), HUGHES 501 (DDA250-C20B, A29), and BELL 206B-1 (DDA250-C20, A32) stand out as the most environmentally efficient engines, mainly due to their low fuel consumption and reduced emission levels. In contrast, the K-1200 helicopter equipped with the T53 17A-1 engine (A1) and the BELL UH-1H with the T53 L13 engine (A2) perform the worst, exhibiting high fuel flow and significantly higher emission levels. Sensitivity analysis indicates that changes in criteria weights, particularly NOx, have only a limited impact on the overall ranking, confirming the stability of the model. Overall, the results suggest that environmental performance is driven primarily by emission levels and fuel efficiency rather than engine power. The strong agreement between VIKOR and TOPSIS rankings further supports the robustness of the proposed approach. This study provides a practical and reliable decision-support tool for selecting environmentally efficient helicopter engines and offers valuable insights for improving sustainability in aviation. Although only TOPSIS was used for validation in this study, the strong consistency between VIKOR and TOPSIS results indicates high robustness. Future studies may incorporate additional MCDM methods, such as PROMETHEE or ELECTRE, to further extend comparative analysis. The proposed hybrid MCDM framework can further contribute to real-world aviation applications by providing a structured decision-support tool for environmental evaluation of helicopter engines. Although it does not replace formal certification processes, it can assist regulatory bodies and policymakers in comparative assessment and in identifying environmentally sustainable engine alternatives. It should be clearly noted that the scope of this study is limited to light single-engine helicopter engines. Therefore, the obtained results and rankings cannot be directly generalized to heavy or multi-engine helicopter systems due to differences in operational complexity, engine configuration, and performance characteristics. The proposed model is specifically designed for comparative environmental assessment within the defined dataset and should be interpreted accordingly. The study is limited to light single-engine helicopters and results are not directly transferable to heavy or multi-engine systems. Future research may extend this study by incorporating direct comparisons with ICAO and FAA regulatory thresholds or by applying the proposed framework to country-specific datasets to further enhance its policy relevance and practical applicability.
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Figure 1. Schematic illustration of a single-engine light-duty helicopter [78]. 
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Figure 2. Illustrates this step-by-step methodology flowchart. 
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Figure 3. SHP vs. fuel flow for 34 helicopter engines. 
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Figure 4. NOx vs. PM emissions for 34 helicopter engines. 
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Figure 5. Combined environmental index (Radar Chart). 
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Figure 6. The intersection between M1 and M2 convex fuzzy numbers. 
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Figure 7. Distribution of SHP vs. fuel flow for 34 engines (green = low environmental impact, red = high) and NOx vs. PM emissions for 34 helicopter engines. 
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Figure 8. NOx vs. PM emissions for 34 helicopter engines and emission index clustering for NOx and PM. 
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Figure 9. Distribution of VIKOR Q values for helicopter engines. 
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Figure 10. TOPSIS closeness coefficient distribution. 
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Figure 11. Ranking curve of Q values. 
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Table 1. ICAO assigned codes, helicopter type and engine type names of light-utility helicopters driven by a single turboshaft engine.
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	Alternatives
	ICAO Code
	Helicopter
	Engine Type Name





	A1
	KMAX
	K-1200
	T53 17A-1



	A2
	UH1
	BELL UH-1H
	T53 L13



	A3
	A119
	AGUSTA A119
	PT6B-37



	A4
	AS35
	AS 350 B3
	ARRIEL 2B



	A5
	AS35
	AS 350 B3
	ARRIEL 2B1



	A6
	EC30
	EC 130 B4
	ARRIEL 2B1



	A7
	AS35
	AS 350B ECUREUIL
	ARRIEL 1D1



	A8
	AS50
	AS 550 FENNEC
	ARRIEL 1D1



	A9
	B06
	BELL 206L 2
	DDA250-C30



	A10
	B06
	BELL 206L 3
	DDA250-C30P



	A11
	B407
	Bell 407
	DDA250-C47B



	A12
	MD60
	MD 600N
	DDA250-C47M



	A13
	GAZL
	SA341 GAZELLE
	ASTAZOU IIIA



	A14
	GAZL
	SA341 GAZELLE
	ASTAZOU IIIN2



	A15
	AS35
	AS 350 ECUREUIL
	ARRIEL 1B



	A16
	ALO3
	SA316B ALOUETTE III
	ASTAZOU XIVB



	A17
	GAZL
	SA342 GAZELLE
	ASTAZOU XIVG



	A18
	GAZL
	SA342 GAZELLE
	ASTAZOU XIVH



	A19
	ALO3
	SA316B ALOUETTE III
	ARTOUSTE IIIB



	A20
	LAMA
	SA315B LAMA
	ARTOUSTE IIIB



	A21
	B06
	BELL 206B 4
	DDA250-C20R



	A22
	B06
	BELL 206B 5
	DDA250-C20R/4



	A23
	B06
	BELL 206L 1
	DDA250-C20R



	A24
	H500
	MD 500N
	DDA250-C20R



	A25
	EC20
	EC 120
	ARRIUS 2F



	A26
	B06
	BELL 206B 2
	DDA250-C20B



	A27
	B06
	BELL 206B 3
	DDA250-C20J



	A28
	EN48
	ENSTROM 480
	DDA250-C20W



	A29
	H500
	HUGHES 501
	DDA250-C20B



	A30
	ALO2
	ALOUETTE II
	ARTOUSTE IIC5



	A31
	ALO2
	ALOUETTE II
	ARTOUSTE IIC6



	A32
	B06
	BELL 206B 1
	DDA250-C20



	A33
	MD52
	MD 520N
	DDA250-C20



	A34
	H500
	HUGHES 500
	DDA250-C18










 





Table 2. The time in mode and power settings of the light utility helicopter equipped with a single engine during various flight operations [70].
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	Flight Operations
	Ground Idle Departure
	Ground Idle Arrival
	Take Off
	Approach





	Acronym
	GI-D
	GI-A
	TO
	AP



	Power Settings [%]
	15
	7
	87
	46



	Time in Mode [min]
	4
	1
	3
	5.5










 





Table 3. Summary of related works in MCDM applications for aviation and transportation systems.
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	Study
	Application Area
	Methods Used
	Fuzzy Approach
	Evaluation Criteria
	Key Limitation





	[74] Kaya & Kahraman (2011) Kaya Kahraman Renewable Energy Fuzzy VIKOR AHP
	Energy planning (aviation-relevant sustainability context)
	AHP + VIKOR
	Type-1 fuzzy
	Efficiency, environmental impact
	No IT2FS modeling



	[80] Saaty (1980) The Analytic Hierarchy Process
	Decision-making theory
	AHP
	None
	General decision criteria
	No uncertainty modeling



	[81] Hwang & Yoon (1981) Multiple Attribute Decision-Making
	Multi-criteria ranking
	TOPSIS
	None
	Distance-based evaluation
	Deterministic framework



	[82] Zadeh (1975) Lotfi Zadeh
	Fuzzy set theory foundation
	Fuzzy logic
	Type-1 fuzzy sets
	Theoretical development
	No decision integration



	[83] Mendel (2001) Uncertain Rule-Based Fuzzy Logic Systems
	Uncertainty modeling
	Interval Type-2 fuzzy systems
	IT2FS
	Uncertainty representation
	Limited real-world MCDM applications



	[84] Büyüközkan & Çifçi (2012) Büyüközkan and Çifçi 2012 Green Supplier Selection
	Green supplier selection (aviation-related manufacturing context)
	AHP + TOPSIS
	Type-1 fuzzy
	Cost, quality, sustainability
	Limited uncertainty handling



	[85] Hsu et al. (2013) Hsu Carbon Management Airline Industry DEMATEL
	Airline environmental impact analysis
	DEMATEL
	None
	Carbon emissions
	No ranking-based MCDM fusion



	[86] ICAO (2019) International Civil Aviation Organization
	Aviation environmental assessment framework
	LTO cycle methodology
	None
	Emissions (NOx, CO, HC, PM)
	Not an engine-level decision model



	[87] IPCC (2006) Intergovernmental Panel on Climate Change
	Emission inventory methodology
	Guidelines framework
	None
	GHG emissions
	No MCDM integration



	Present Study
	Helicopter engine environmental evaluation
	AHP + VIKOR + TOPSIS
	Interval Type-2 Fuzzy Sets
	SHP, fuel flow, HC, CO, PM, NOx
	Fully integrated hybrid framework










 





Table 4. Evaluation of fuzzy linguistic terms with fuzzy scores.
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	Fuzzy Linguistic Term
	Fuzzy Score (Triangular)





	Extremely Important (EI)
	(9, 9, 9)



	Very Important (VI)
	(7, 8, 9)



	Important (I)
	(6, 7, 8)



	Moderately Important (MI)
	(5, 6, 7)



	Intermediate Important (II)
	(4, 5, 6)



	Lower Intermediate Important (LI)
	(3, 4, 5)



	Slightly More Important (SI)
	(1, 2, 3)



	Equally Important (EQ)
	(1, 1, 1)










 





Table 5. The pairwise comparisons of criteria for the assessment of helicopter engine characteristics.
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	Criteria
	C1
	C2
	C3
	C4
	C5
	C6





	C1
	(1, 1, 1)
	(MI, SI, I)
	(I, I, EQ)
	(SI, EQ, 1/MI)
	(LI, II, VI)
	(I, I, LI)



	C2
	(1/MI, 1/SI, 1/I)
	(1, 1, 1)
	(EQ, I, 1/MI)
	(EQ, 1/SI, 1/EI)
	(SI, II, MI)
	(EQ, I, VI)



	C3
	(1/I, 1/I, EQ)
	(EQ, 1/I, MI)
	(1, 1, 1)
	(EQ, 1/VI, 1/II)
	(MI, SI, VI)
	(I, EI, SI)



	C4
	(1/SI, EQ, MI)
	(EQ, SI, EI)
	(EQ, VI, II)
	(1, 1, 1)
	(I, SI, I)
	(SI, MI, I)



	C5
	(1/LI, 1/II, 1/VI)
	(1/SI, 1/II, 1/MI)
	(1/MI, 1/SI, 1/VI)
	(1/I, 1/SI, 1/I)
	(1, 1, 1)
	(I, MI, 1/SI)



	C6
	(1/I, 1/I, 1/LI)
	(EQ, 1/I, 1/VI)
	(1/I, 1/EI, 1/SI)
	(1/SI, 1/MI, 1/I)
	(1/I, 1/MI, SI)
	(1, 1, 1)










 





Table 6. Fuzzy evaluation matrix of criteria for the numerical weights.
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	Criteria
	C1
	C2
	C3
	C4
	C5
	C6





	C1
	(1, 1, 1)
	(3, 5, 6)
	(4.34, 5, 5.67)
	(0.72, 1.04, 1.5)
	(4.67, 5.67, 6.67)
	(4, 5, 6)



	C2
	(0.16, 0.19, 0.24)
	(1, 1, 1)
	(2.37, 2.71, 3.05)
	(0.47, 0.52, 0.69)
	(3.32, 4.32, 5.32)
	(4.67, 5.32, 5.9)



	C3
	(0.17, 0.19, 0.22)
	(0.33, 0.35, 0.40)
	(1, 1, 1)
	(0.40, 0.4, 0.45)
	(4.32, 5.32, 6.32)
	(5.34, 5.9, 6.67)



	C4
	(0.71, 0.95, 1.41)
	(1.43, 1.89, 2.08)
	(2.17, 2.27, 2.38)
	(1, 1, 1)
	(4.33, 5.33, 6.33)
	(4, 5, 6)



	C5
	(0.15, 0.18, 0.21)
	(0.19, 0.23, 0.3)
	(0.16, 0.19, 0.23)
	(0.16, 0.19, 0.23)
	(1, 1, 1)
	(3.77, 4.5, 5.33)



	C6
	(0.14, 0.17, 0.20)
	(0.17, 0.19, 0.21)
	(0.15, 0.17, 0.19)
	(0.17, 0.2, 0.25)
	(0.19, 0.22, 0.27)
	(1, 1, 1)










 





Table 7. Evaluation criteria and types.
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	Criterion
	Description
	Type





	C1
	Shaft Horsepower (SHP)
	Benefit



	C2
	Fuel Flow (kg/s)
	Cost



	C3
	Hydrocarbon Emissions (HC)
	Cost



	C4
	Carbon Monoxide (CO)
	Cost



	C5
	Particulate Matter (PM)
	Cost



	C6
	Nitrogen Oxides (NOx)
	Cost










 





Table 8. Helicopter engine characteristics.
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	Engine
	SHP
	Fuel Flow (kg/s)
	HC (g/kg)
	CO (g/kg)
	PM (g/kg)
	NOx (g/kg)





	A1
	1800
	0.033
	5.8
	45
	0.21
	11



	A2
	1700
	0.031
	5.4
	42
	0.19
	10



	A3
	950
	0.018
	3.2
	22
	0.13
	8



	A4
	860
	0.016
	2.9
	20
	0.12
	7



	A5
	900
	0.017
	3.0
	21
	0.12
	7



	A6
	880
	0.016
	2.8
	19
	0.11
	7



	A7
	760
	0.015
	2.5
	18
	0.11
	6



	A8
	800
	0.016
	2.6
	19
	0.12
	6



	A9
	650
	0.014
	2.2
	16
	0.10
	6



	A10
	660
	0.014
	2.3
	17
	0.10
	6



	A11
	813
	0.017
	2.9
	20
	0.12
	7



	A12
	700
	0.015
	2.4
	17
	0.11
	6



	A13
	590
	0.013
	2.1
	15
	0.09
	5



	A14
	580
	0.013
	2.0
	14
	0.09
	5



	A15
	730
	0.015
	2.5
	18
	0.11
	6



	A16
	570
	0.013
	2.0
	14
	0.09
	5



	A17
	610
	0.013
	2.1
	15
	0.09
	5



	A18
	620
	0.013
	2.1
	15
	0.09
	5



	A19
	550
	0.012
	1.9
	13
	0.08
	5



	A20
	560
	0.012
	1.9
	13
	0.08
	5



	A21
	420
	0.011
	1.6
	11
	0.07
	4



	A22
	420
	0.011
	1.6
	11
	0.07
	4



	A23
	430
	0.011
	1.6
	11
	0.07
	4



	A24
	450
	0.011
	1.7
	12
	0.07
	4



	A25
	504
	0.012
	1.8
	12
	0.08
	5



	A26
	420
	0.011
	1.6
	11
	0.07
	4



	A27
	420
	0.011
	1.6
	11
	0.07
	4



	A28
	480
	0.012
	1.7
	12
	0.08
	5



	A29
	400
	0.010
	1.5
	10
	0.06
	4



	A30
	530
	0.012
	1.8
	13
	0.08
	5



	A31
	530
	0.012
	1.8
	13
	0.08
	5



	A32
	400
	0.010
	1.5
	10
	0.06
	4



	A33
	450
	0.011
	1.7
	12
	0.07
	4



	A34
	370
	0.010
	1.4
	9
	0.06
	4










 





Table 9. Calculated fuzzy synthetic extent values for the evaluation.
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	Criteria
	Crisp Criteria Weights





	C1
	(25.27, 31.15, 36.24)



	C2
	(20.59, 24.09, 27.86)



	C3
	(17.13, 20.26, 23.41)



	C4
	(23.48, 27.68, 31.96)



	C5
	(9.12, 11.11, 13.5)



	C6
	(5.2, 6.47, 8.02)










 





Table 10. Derived fuzzy weights for the evaluation criteria of helicopter engine characteristics.
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	Criteria
	Weights





	       M   1    ~   (    C   1    )    
	(0.14179, 0.20889, 0.29147)



	       M   1    ~   (    C   2    )    
	(0.11551, 0.16155, 0.22407)



	       M   1    ~   (    C   3    )    
	(0.09614, 0.13585, 0.18829)



	       M   1    ~   (    C   4    )    
	(0.13173, 0.18564, 0.25707)



	       M   1    ~   (    C   5    )    
	(0.05119, 0.07452, 0.10855)



	       M   1    ~   (    C   6    )    
	(0.02920, 0.04341, 0.06448)










 





Table 11. Degree possibility of convex fuzzy numbers for alternative energy systems.
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	V

(Degree of Possibility for All Values)
	C1
	C2
	C3
	C4
	C5
	C6





	C1 ≥ C1, …
	1
	1
	1
	1
	1
	1



	C2 ≥ C1, …
	0.63478
	1
	1
	0.79312
	1
	1



	C3 ≥ C1, …
	0.38897
	0.73903
	1
	0.53184
	1
	1



	C4 ≥ C1, …
	0.83212
	1
	1
	1
	1
	1



	C5 ≥ C1, …
	0
	0
	0.16837
	0
	1
	1



	C6 ≥ C1, …
	0
	0
	0
	0
	0.29929
	1



	min V
	0
	0
	0
	0
	0.11103
	0



	Normalized Weight
	0
	0
	0
	0
	0.24003
	0










 





Table 12. AHP-based normalized weights.






Table 12. AHP-based normalized weights.





	Criterion
	Weight





	SHP
	0.25



	Fuel Flow
	0.20



	HC
	0.15



	CO
	0.15



	PM
	0.10



	NOx
	0.15










 





Table 13. VIKOR best/worst criterion values.






Table 13. VIKOR best/worst criterion values.





	Criterion
	      f   *      
	      f   −      





	SHP
	1800
	370



	Fuel Flow
	0.010
	0.033



	HC
	1.4
	5.8



	CO
	9
	45



	PM
	0.06
	0.21



	NOx
	4
	11










 





Table 14. Fuzzy linguistic terms and corresponding fuzzy numbers.






Table 14. Fuzzy linguistic terms and corresponding fuzzy numbers.





	Fuzzy Linguistic Terms
	Abbreviation
	Fuzzy Number (L, M, U)





	Very Poor
	VP
	(0, 0, 1)



	Poor
	P
	(0, 1, 3)



	Medium Poor
	MP
	(1, 3, 5)



	Fair
	F
	(3, 5, 7)



	Medium Good
	MG
	(5, 7, 9)



	Good
	G
	(7, 9, 10)



	Very Good
	VG
	(9, 9, 10)










 





Table 15. The criteria considered for the evaluation of helicopter engine characteristics.






Table 15. The criteria considered for the evaluation of helicopter engine characteristics.





	Criteria for Helicopter Engine Characteristics
	Abbreviation





	SHP
	C1



	Fuel Flow
	C2



	HC
	C3



	CO
	C4



	PM
	C5



	NOx
	C6










 





Table 16. Full sensitivity analysis summary.






Table 16. Full sensitivity analysis summary.





	Criterion Changed
	Main Ranking Change
	Top 3 Stability
	Bottom 3 Stability





	SHP
	Minor changes
	Stable
	Stable



	Fuel Flow
	Minor changes
	Stable
	Stable



	HC
	Minor changes
	Stable
	Stable



	CO
	Minor changes
	Stable
	Stable



	PM
	Minor changes
	Stable
	Stable



	NOx
	Minor changes
	Stable
	Stable










 





Table 17. VIKOR and TOPSIS results for helicopter engines.






Table 17. VIKOR and TOPSIS results for helicopter engines.





	Engine
	S
	R
	Q
	Rank
	CC





	A1
	0.75
	0.20
	0.55
	34
	0.12



	A2
	0.70
	0.18
	0.52
	33
	0.15



	A3
	0.52
	0.14
	0.41
	25
	0.35



	A4
	0.48
	0.13
	0.37
	22
	0.40



	A5
	0.49
	0.13
	0.38
	23
	0.39



	A6
	0.47
	0.12
	0.38
	24
	0.38



	A7
	0.44
	0.11
	0.31
	18
	0.50



	A8
	0.46
	0.12
	0.36
	21
	0.42



	A9
	0.45
	0.12
	0.32
	19
	0.48



	A10
	0.46
	0.12
	0.33
	20
	0.47



	A11
	0.50
	0.13
	0.39
	26
	0.37



	A12
	0.47
	0.12
	0.34
	21
	0.45



	A13
	0.41
	0.11
	0.27
	14
	0.60



	A14
	0.42
	0.11
	0.27
	15
	0.59



	A15
	0.43
	0.11
	0.30
	17
	0.52



	A16
	0.42
	0.11
	0.28
	16
	0.55



	A17
	0.43
	0.11
	0.29
	17
	0.54



	A18
	0.43
	0.11
	0.29
	17
	0.54



	A19
	0.40
	0.10
	0.25
	12
	0.65



	A20
	0.40
	0.10
	0.26
	13
	0.63



	A21
	0.13
	0.06
	0.14
	4
	0.88



	A22
	0.13
	0.06
	0.14
	5
	0.88



	A23
	0.14
	0.07
	0.15
	6
	0.87



	A24
	0.16
	0.08
	0.18
	9
	0.84



	A25
	0.20
	0.09
	0.21
	11
	0.80



	A26
	0.14
	0.07
	0.15
	7
	0.86



	A27
	0.14
	0.07
	0.15
	8
	0.86



	A28
	0.22
	0.10
	0.22
	12
	0.78



	A29
	0.11
	0.05
	0.12
	2
	0.91



	A30
	0.23
	0.11
	0.23
	13
	0.77



	A31
	0.23
	0.11
	0.23
	14
	0.76



	A32
	0.12
	0.06
	0.13
	3
	0.90



	A33
	0.17
	0.08
	0.19
	10
	0.83



	A34
	0.10
	0.05
	0.11
	1
	0.92










 





Table 18. Sensitivity analysis results.






Table 18. Sensitivity analysis results.





	Engine
	Initial Rank
	New Rank





	A1
	34
	34



	A2
	33
	33



	A3
	25
	26



	A4
	22
	23



	A5
	23
	22



	A6
	24
	24



	A7
	18
	19



	A8
	21
	21



	A9
	19
	18



	A10
	20
	20



	A11
	26
	27



	A12
	21
	20



	A13
	14
	14



	A14
	15
	15



	A15
	17
	17



	A16
	16
	16



	A17
	17
	18



	A18
	17
	17



	A19
	12
	12



	A20
	13
	13



	A21
	4
	3



	A22
	5
	5



	A23
	6
	6



	A24
	9
	9



	A25
	11
	11



	A26
	7
	7



	A27
	8
	8



	A28
	12
	13



	A29
	2
	2



	A30
	13
	14



	A31
	14
	15



	A32
	3
	4



	A33
	10
	10



	A34
	1
	1
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