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Highlights


What are the main findings?




	
Alcohol–kerosene blends significantly affected hybrid UAV combustion and performance.



	
E10 optimized overall performance, while O20 provided the most stable operation.








What are the implications of the main findings?




	
The findings support low-emission fuel adoption in hybrid UAV propulsion systems.



	
Fuel selection must balance emissions, thermal response, combustion stability and operating cost.









Abstract


The development of low-emission and reliable propulsion systems is essential for extending the operational capability of unmanned aerial vehicles (UAVs). Although aviation decarbonization is widely recognized as an important objective, it must be considered within the broader context of limited renewable-energy availability. Recent system-level analyses of transportation decarbonization have shown that the allocation of renewable electricity and sustainable fuels should prioritize sectors where direct electrification is most efficient, while hard-to-electrify sectors require alternative pathways. Aviation is one of the most difficult transport sectors to electrify because of strict energy-density requirements, especially for long-endurance airborne platforms. Therefore, sustainable liquid fuels and hybrid propulsion systems should not be considered universal replacements for electrification, but rather complementary solutions for applications where batteries alone cannot provide the required endurance, payload capacity or operational flexibility. In this context, the present study focuses on alcohol–kerosene blends for hybrid UAV power systems, where liquid-fuel energy density and partial emission reduction remain relevant engineering requirements. This work provides one of the first systematic experimental evaluations of ethanol–, butanol– and octanol–kerosene blends in a micro-turboprop engine operating as part of a hybrid UAV power-generation architecture. Unlike previous studies focused mainly on micro-turbojet thrust response, the present work evaluates the coupled influence of alcohol chain length and blending ratio on exhaust gas temperature, gaseous emissions, electrical output and operational stability under multi-load conditions representative of UAV operation. Jet-A and nine alcohol–kerosene blends containing 10%, 20% and 30% ethanol, butanol or octanol by volume were tested over four operating regimes, from idle to 2500 W electrical load. The results show that ethanol blends provided the strongest CO reduction, with E30 reducing CO by 24.9% relative to Jet-A under R3, while E10 offered the most balanced behavior across the full operating range. Higher ethanol fractions improved CO suppression but introduced NOx and low-load stability penalties. Octanol blends, particularly O20, exhibited the most kerosene-like and stable response, supporting reliable power delivery with reduced operational variability. Butanol blends showed intermediate behavior without providing a dominant advantage. A multi-criteria evaluation combining emissions, EGT behavior, relative performance, operational stability and cost identified E10 as the best overall compromise for hybrid UAV use. The study demonstrates that alcohol chain length produces nonlinear system-level effects in hybrid micro-turboprop architectures and provides an experimental basis for fuel selection in low-emission UAV power systems.
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1. Introduction


Biofuels, hydrogen engines and hybrid-electric propulsion systems offer promising pathways for decarbonizing aviation, though technological, economic and regulatory challenges remain [1]. Although aviation decarbonization is widely recognized as a strategic objective, the allocation of limited renewable-energy resources remains an important systems-level consideration [2]. Direct electrification generally offers higher overall energy efficiency than the production of synthetic or bio-derived fuels. However, aviation represents one of the most difficult transport sectors to electrify due to stringent energy-density requirements, particularly in long-endurance UAV and airborne applications. Consequently, sustainable aviation fuels and hybrid propulsion concepts are increasingly regarded as complementary solutions for those aviation segments where direct battery electrification remains impractical. Within this context, the present study investigates alcohol–kerosene blends as a potential pathway toward reduced-emission UAV propulsion. Demonstrated test flights with biofuels, synthetic fuels and hydrogen confirm their technical feasibility, but no single alternative fuel can yet fully replace conventional aviation gasoline. A combined strategy integrating biofuels, hydrogen and hybrid-electric technologies is therefore the most practical approach for medium- and long-term sustainable aviation. Fuel–electric hybrid systems leverage the low emissions of batteries and the high energy density of biofuels, enabling combined operation during takeoff and climb, biofuel-dominant cruise and energy recovery during descent [3]. PEM fuel cells have shown significant potential for UAVs, achieving 2–3 times the energy density of conventional batteries and doubling operational flight time for missions over one hour through adaptive design optimization [4]. Electrofuels (e-fuels), produced by storing renewable electrical energy in chemical bonds of hydrogen and CO2, represent another pathway to store and utilize green energy [5,6]. For battery-powered UAVs, hybridization, including in-flight recharging technologies such as lasers or tethering, addresses the limitations of single-source power systems, enhancing flight duration, adaptability and efficiency [7]. Reviews of UAV power sources indicate that combustion engines currently provide the best overall performance, followed by hydrogen fuel cells, with hybrid systems, particularly fuel cell/Li-Po combinations or fuel cell/supercapacitor configurations, offering the most promising path for extending flight endurance and efficiency [8]. Novel parallel hybrid-electric propulsion systems for small UAVs, combining PEM fuel cells, battery packs and electric motors with optimized energy management, successfully overcome limitations of conventional systems, providing lightweight, high-endurance solutions [9]. Comparative modeling of hydrogen fuel cells and lithium batteries for multirotor UAVs shows that air-cooled fuel cells outperform batteries for energy demands above 2.8 kWh, offering up to 70% longer endurance and superior performance at higher altitudes, while lithium batteries remain advantageous for short-range, cost-sensitive missions [10]. Collectively, these findings highlight the critical role of hybridization, fuel cells and e-fuels in advancing sustainable, high-performance aviation and UAV operations.



Renewable power systems for unmanned aerial vehicles (UAVs) encompass batteries, fuel cells, solar photovoltaic (PV) cells and hybrid configurations, with hybrid systems combining multiple technologies emerging as the most promising for improving endurance and efficiency [11]. Integrating PV solar systems into UAVs for monitoring and surveillance has been shown to significantly increase flight autonomy; the use of C60 photovoltaic cells and optimized energy storage can potentially quadruple flight time under ideal conditions [12]. Solar-powered UAVs represent a rapidly evolving field, leveraging high-energy-density batteries, flexible solar cells and Maximum Power Point Tracking (MPPT) systems to approach continuous flight capability [13]. Fixed-wing solar UAVs convert sunlight into electricity via integrated solar cells, storing excess energy in batteries to enable day-and-night operation, offering extended endurance, low operational costs and reduced reliance on fossil fuels [14]. Applications span military and civilian sectors, including surveillance, environmental monitoring, agriculture, telecommunications and wildfire detection. Key design considerations include aerodynamic structure, lightweight materials, solar-cell integration, battery selection and energy management optimization. Collectively, these developments illustrate the potential of solar-powered UAVs as sustainable, long-endurance platforms, while highlighting the need for continued advancements in materials, energy systems and AI-based optimization to fully realize their capabilities in future autonomous aviation.



Hydrogen-based fuel cells, particularly proton exchange membrane fuel cells (PEMFCs), are also relevant to UAV hybridization because they directly convert chemical energy into electricity with low local pollutant emissions and higher efficiency than conventional combustion engines. Compared with batteries, PEMFC systems can offer improved endurance in missions where hydrogen storage mass is acceptable. However, their long-term use in UAVs remains constrained by durability issues associated with dynamic load profiles, thermal cycling and humidity variation. Recent degradation-prediction studies have shown that PEMFC performance declines progressively during operation, affecting output power, system efficiency and service life [15]. In addition, adaptive state-of-health temperature-sensitivity control strategies have been proposed to mitigate PEMFC degradation under variable operating conditions [16]. This is relevant for UAV hybrid architectures because multi-load missions expose power systems to repeated transient demand, temperature changes and humidity variations. Therefore, future low-emission UAV propulsion concepts should integrate both fuel selection and thermal-management strategies.



In light of these findings, significant research efforts have been directed toward identifying viable alternatives to fossil fuels for aviation applications. For instance, the investigation in [17] focused on analyzing the physicochemical properties of various fuel alternatives, including kerosene-based blends incorporating alcohols or biodiesels derived from diverse feedstocks. Previous studies have shown that the oxygenated molecular structure of alcohol-based fuels promotes enhanced combustion efficiency by facilitating more complete oxidation, thereby contributing to cleaner and more stable combustion. Although alcohols exhibit lower heating values (LHV) than biodiesel fuels, this limitation is partially offset by their higher oxygen content and improved combustion characteristics, which can mitigate efficiency losses under certain operating conditions. These attributes highlight the potential advantages of alcohol-based fuels and provide the motivation for a focused evaluation of their performance in the present study.



Several works have highlighted the potential of n-octanol as a renewable fuel additive across different applications. In biodiesels derived from various oils, adding 5% and 10% n-octanol decreased density, slightly reduced the Cetane Index, increased kinematic viscosity and lowered the flash point [18]. In dual-fuel compression-ignition engines, blends of n-butanol and n-octanol were found to enhance combustion control, whereas blends of n-butanol and di-n-butyl ether provided higher power output and improved fuel–air mixing. In both cases, reductions in nitrogen oxides (NOx) and carbon monoxide emissions were observed [19]. In aviation micro-turbo engines, Jet-A fuel blended with 10–30% octanol and supplemented with 5% n-heptane exhibited increased fuel consumption as a consequence of octanol’s lower LHV. Despite this increase, thrust output remained stable and higher octanol fractions were associated with reduced nitrogen oxides and carbon monoxide emissions, which is attributed to improved combustion behavior and enhanced oxygen availability [20]. In methanol/Jet-A-1 blends, n-octanol served as a co-solvent to improve phase stability, while diethyl ether enhanced ignition, producing optimized fuels with improved combustion in lean prevaporized premixed burners and significant NOx reductions [21]. In addition to gaseous emissions, particulate matter (PM) is a major environmental and health-related concern in aviation combustion. PM formation is strongly associated with locally fuel-rich combustion zones, incomplete oxidation and the formation of soot precursors such as polycyclic aromatic hydrocarbons. Oxygenated alcohol additives can influence PM formation through two competing mechanisms. On the one hand, the presence of fuel-bound oxygen may promote soot oxidation and reduce particle mass or particle number emissions. On the other hand, changes in volatility, viscosity and spray breakup may affect local mixture preparation, particularly for higher alcohol fractions. Therefore, alcohol–kerosene blends may provide benefits beyond gaseous-emission reduction, but PM behavior must be evaluated separately using dedicated particulate instrumentation. In the present study, PM was not measured and is explicitly identified as a limitation and a future research direction.



Blending n-butanol with Jet-A kerosene in micro-turbojet engines at 10%, 20% and 30% by mass improved combustion efficiency and thermal efficiency, despite requiring higher fuel flow due to n-butanol’s lower heating value, while maintaining engine integrity [22]. Complementary modeling efforts explored n-butanol/kerosene blends using multi-component droplet evaporation models that account for non-ideal mixture effects, internal recirculation and forced convection, capturing key behaviors in gas turbine combustion [23]. In spark-ignition aviation piston engines, pure n-butanol demonstrated shorter flame development, faster combustion and higher brake thermal efficiency than gasoline, though its lower energy density increased fuel consumption; blending with kerosene raised energy density but slightly reduced anti-knock performance and efficiency [24]. In hydrogen/n-butanol dual-fuel engines, numerical and experimental studies showed that optimizing hydrogen injection timing allowed efficient, low-emission operation under lean conditions, with n-butanol supplied via port fuel injection [25]. When blended with RP-3 aviation kerosene, n-butanol outperformed methyl butyrate as a combustion promoter by enhancing laminar burning velocity and reducing flame instability [26]. Finally, biobutanol produced from biomass via the Acetone–Butanol–Ethanol (ABE) route and upgraded to SAF using the Alcohol-to-Jet (ATJ) pathway offers both economic and environmental benefits, highlighting the potential of integrated biorefineries in sustainable fuel production [27]. Collectively, these studies demonstrate n-butanol’s versatility in improving combustion, efficiency and emissions across multiple aviation fuel applications.



Experimental evaluations have examined the spray characteristics and combustion performance of various sustainable fuel alternatives for aviation. Investigations of kerosene, Straight Vegetable Oil (SVO), biodiesel, methanol and their blends showed that while pure SVO and biodiesel are unsuitable, optimally formulated biofuel–kerosene blends can match the spray behavior of pure kerosene, making them viable for cleaner gas turbine operation [28].



Ethanol as an oxygenated additive to aviation kerosene in compression-ignition engines improved overall combustion performance and stability, effectively mitigating combustion deterioration observed with pure RP-3 under medium speed and low-load conditions [29]. Further research analyzing ethanol–kerosene blends in high-pressure common rail injection systems demonstrated enhanced macroscopic spray characteristics, with changes in viscosity and surface tension promoting faster atomization, wider cone angles and shorter penetration lengths, which are beneficial for efficient combustion and reduced emissions [30]. In terms of sustainable production, technical comparisons of two pathways for generating SAF from lignocellulosic biomass, specifically corn stover, revealed that the ethanol-based route (ETJ), converting biomass to bioethanol and then to kerosene via Alcohol-to-Jet (ATJ), is more efficient in terms of carbon and energy efficiency than biogas-based alternatives (GtJ/MtJ) [14]. Collectively, these findings highlight the potential of biofuel blends, particularly ethanol–kerosene mixtures, in improving spray performance, combustion efficiency and sustainable aviation fuel production.



Experimental work [31] shows that Jet-A/alcohol blends (propanol to octanol) are technically viable for micro-turbojets like the Jet Cat P80, with only a slight increase in specific fuel consumption due to lower heating values, but significant reductions in CO and SO2 emissions. The scientific literature review presented in [32] confirms that Jet-A blended with alcohols and biodiesel can reduce emissions and improve sustainability: alcohols enhance combustion efficiency and lower CO and HC emissions, while biodiesel reduces particulate matter and CO. Challenges remain, including lower energy density, higher fuel consumption, NOx emissions and fuel stability. Focusing on pentanol, study [33] demonstrates that Jet-A–pentanol blends (25–100%) in a GTM-140 jet engine maintain acceptable performance across 40,000–110,000 rpm while significantly reducing harmful emissions, highlighting pentanol as a particularly promising sustainable aviation fuel.



Although ethanol–kerosene blends have been explored in micro-turbojet engines and fuel-injection studies, their system-level behavior in hybrid micro-turboprop generator architectures remains insufficiently documented. In particular, there is limited experimental information on how alcohol chain length and concentration influence electrical-output response, EGT behavior, gaseous emissions and operational stability under multiple load regimes representative of UAV missions. This study addresses this gap by experimentally comparing ethanol, butanol and octanol blends in the same hybrid micro-turboprop test bench and by integrating the results through a multi-criteria evaluation framework.



The main contributions of this study are as follows:




	
It provides system-level experimental data for ethanol–, butanol– and octanol–kerosene blends in a micro-turboprop hybrid UAV power-generation architecture.



	
It evaluates alcohol chain-length effects under identical operating regimes and electrical load conditions.



	
It links fuel molecular structure to EGT, gaseous emissions, electrical-output behavior and operational stability.



	
It introduces a multi-criteria ranking framework for fuel selection in hybrid UAV applications.



	
It identifies E10 as the most balanced blend within the tested operating envelope, while showing that O20 offers a more stable kerosene-like response.









2. Materials and Methods


To assess the suitability of the investigated alcohol–kerosene blends as alternative fuels for micro-turboprop engine applications, a range of blend concentrations was experimentally evaluated using a dedicated test platform. The experimental setup, specifically developed to study a hybrid power system integrating a micro-turboprop engine, was designed to replicate the propulsion architecture of a UAV.



2.1. Physicochemical Assessment of the Alternative Fuel Blends


Ethanol, butanol and octanol represent a homologous series of linear alcohols with increasing carbon chain length, leading to systematic variations in key properties such as density, viscosity, volatility, flash point, lower heating value and elemental analysis. Ethanol is characterized by high polarity, low flash point and strong hygroscopic behavior, which can adversely affect fuel stability and material compatibility. In contrast, butanol exhibits reduced polarity and water affinity, along with higher energy content and improved miscibility with hydrocarbon fuels. Octanol further amplifies these trends, offering higher viscosity, significantly lower volatility and energy density closer to that of kerosene. When blended with kerosene, these alcohols alter critical fuel characteristics, including atomization behavior, evaporation rate and ignition tendency, thereby influencing both safety and combustion performance. A detailed comparison of these physicochemical properties is therefore essential to assess the suitability of ethanol–, butanol– and octanol–kerosene blends for aviation use. Table 1 summarizes the principal physical and chemical properties of the investigated fuels and blends. Density, viscosity, flash point and lower heating values were taken from the experimental fuel-property dataset reported in [17]. The units were standardized as follows: density [g/cm3], kinematic viscosity [cSt], flash point [°C] and lower heating value [MJ/kg].



The measured physical and chemical properties of ethanol, butanol and octanol, along with their blends in kerosene, reveal clear trends that correlate with alcohol chain length and blend concentration. The flash point of neat alcohols increases substantially with molecular weight, ranging from 13 °C for ethanol to 35 °C for butanol and 81 °C for octanol. This trend indicates that higher-carbon alcohols are inherently safer to handle due to reduced flammability. When blended with kerosene, the flash points of all alcohol–kerosene mixtures increase compared to pure alcohol, approaching the flash point of neat kerosene as the kerosene fraction rises. For example, even a 10% ethanol blend shows a flash point of 23.7 °C, significantly higher than pure ethanol, while a 30% octanol blend exhibits substantially elevated viscosity, reflecting the dominant influence of the longer-chain alcohol.



Viscosity and density also exhibit strong dependence on both alcohol species and concentration. Neat ethanol and butanol differ notably in viscosity, with ethanol at 1.20 cSt and butanol at 2.57 cSt, while octanol displays a markedly higher viscosity of 8.82 cSt. This increase with chain length is consistent with enhanced intermolecular interactions in longer molecules. Blending alcohols with kerosene reduces viscosity towards that of pure kerosene, facilitating injection and atomization in combustion systems. Similarly, density values are influenced by both the alcohol species and the blend ratio, with neat ethanol slightly less dense than kerosene, while butanol and octanol are closer to or slightly exceed kerosene density. This suggests that moderate blending of these alcohols with kerosene will not drastically affect volumetric fuel properties, an important consideration for engine performance and fuel-system compatibility.



The LHV follows a predictable trend with chain length. Ethanol exhibits the lowest energy content at 29.45 MJ/kg, while butanol and octanol are higher at 35.77 MJ/kg and 38.00 MJ/kg, respectively, though still below kerosene at 45.29 MJ/kg. Blending with kerosene increases the LHV of the mixtures proportionally to the kerosene fraction, indicating that even low alcohol content blends (10–30%) can achieve energy densities close to conventional fuel, while retaining potential environmental benefits from oxygenated alcohols.



Elemental composition further highlights the chemical differences between the alcohols and kerosene. Although all analyzed alcohols contain the same number of oxygen atoms per molecule, their overall oxygen content differs significantly due to variations in density and molar mass. For instance, the number of moles of an alcohol within a fixed volume can be expressed as:


    n   a l c   =      V ρ   a l c       M   a l c       



(1)




where



	
    n   a l c     represents the substance quantity, expressed in [mol] of substance;



	
    ρ   a l c     represents the density of the substance, a value which can be extracted from Table 1, expressed in [g/cm3];



	
  V   is the specified volume (1 cm3 in this example);



	
    M   a l c     represents the molar mass of the alcohol species, expressed in [g/mol].






Comparing ethanol and octanol under these conditions shows that:


    n   O   = 0.4 ·   n   E    



(2)




indicating that ethanol molecules occupy the same volume in greater quantity, resulting in a higher overall oxygen content relative to octanol.



Ethanol exhibits a relatively high oxygen content (34.73%), which is progressively reduced when blended with kerosene. Nevertheless, even in diluted form, it continues to enhance combustion completeness and contributes to lower carbon monoxide emissions. Butanol and octanol also contain substantial oxygen content (21.59% and 9.46%, respectively), with oxygen levels decreasing as kerosene is added. Carbon and hydrogen fractions in the blends increase with kerosene proportion, approaching the values of pure kerosene, reflecting the dominance of hydrocarbon fuel in the mixture. Nitrogen content remains negligible across all samples.



The carbon chain length of the alcohol component influences atomization and evaporation through changes in volatility, viscosity and intermolecular forces. Ethanol, with the shortest carbon chain, has high volatility and low viscosity, which can promote rapid evaporation and fine mixture preparation. However, its low heating value and high oxygen content can also increase sensitivity to fuel-delivery and combustion-stability effects. Butanol represents an intermediate alcohol, with reduced volatility and higher heating value compared with ethanol, leading to a more balanced evaporation and energy-release behavior. Octanol has the longest chain and the highest viscosity among the tested alcohols, which may reduce spray breakup quality and increase droplet evaporation time, especially at higher blending ratios. Consequently, increasing carbon chain length generally improves kerosene-like compatibility and energy density, but may reduce the oxygen-assisted emissions benefit and introduce atomization penalties at high blend fractions.



Overall, these data indicate that blending ethanol, butanol or octanol with kerosene can be tailored to balance safety, viscosity, energy content and combustion characteristics. Short-chain alcohols like ethanol reduce energy density but increase oxygen content, potentially enhancing combustion and emissions, whereas longer-chain alcohols such as butanol and octanol provide higher energy content and improved compatibility with hydrocarbon fuels. These trends emphasize the importance of selecting appropriate alcohol species and blend ratios when designing alcohol–kerosene fuels for aviation or other internal combustion applications.




2.2. The Test Bench


A dedicated experimental setup was employed to investigate the suitability of alcohol–kerosene fuel blends in a micro-turboprop propulsion context. The study focuses on a configuration where mechanical power generated by the engine is directly converted into electrical energy, introducing additional coupling between subsystems compared to micro-turbojet applications. While previous research has examined alcohol-based fuels in small turbojet engines—such as the Jet Cat P80 [33] and the MPM-20 [34,35]—their behavior in turboprop-based architectures remains less extensively documented, particularly in hybrid power-generation scenarios.



Although internal combustion engines are commonly used in UAV power ranges below 10 kW, a micro-turboprop architecture was selected in the present study because the objective was to evaluate alcohol–kerosene blends in a turbine-based hybrid power-generation system rather than to compare propulsion architectures. This choice is justified by three main considerations. First, micro-turboprop systems offer a high power-to-weight ratio, which is advantageous for airborne applications where payload and endurance are strongly mass-sensitive. Second, turbine combustors are compatible with kerosene-based aviation fuels and allow direct investigation of alcohol–kerosene blends without the fundamental fuel-system changes that would be required for spark-ignition or compression-ignition engines. Third, the investigated platform originates from an ongoing hybrid UAV development program in which the turbine drives an electric generator supplying a 48 V DC bus. Therefore, the selected architecture is representative of the intended application, where the useful output is electrical power rather than propeller shaft thrust alone. The scope of the study is thus limited to the behavior of alternative fuel blends in a turbine-based hybrid UAV power source. The test platform, illustrated in Figure 1, was developed as an evolution of a previously reported UAV-oriented hybrid propulsion system [36], with the objective of enabling controlled, repeatable experiments under conditions representative of real operation. Rather than functioning as a static support structure, the system integrates propulsion, power generation, and load simulation within a unified framework. This approach allows simultaneous observation of mechanical performance, electrical output, and control system response under variable loading conditions.



The propulsion unit consists of a compact KingTech micro-turboprop (Kaohsiung City, Taiwan) engine mechanically coupled to a T-Motor generator (Nanchang, Jiangxi, China). A flexible coupling element is introduced between the two components to reduce stress caused by minor misalignments and to limit the transmission of vibrations. In operation, the generator converts shaft power into electrical energy, which is subsequently rectified to supply a regulated 48 V DC bus. A battery module connected in parallel serves as an energy buffer, compensating for short-term mismatches between generation and demand while maintaining stable power delivery to auxiliary systems, including the electronic control unit and fuel supply components.



To emulate realistic UAV power consumption, the system employs two electric ducted fans (EDFs) acting as controllable loads. Each unit is governed by an independent electronic speed controller, allowing fine adjustment of power draw. This dual-load configuration provides a more representative distribution of electrical demand compared to earlier single-fan arrangements [36], while also enabling the study of asymmetric loading scenarios. Additional mechanical refinements, including structural reinforcement and optimized fan positioning, were introduced to mitigate vibration effects arising from aerodynamic interactions.



System regulation is achieved in an autonomous manner using a fuzzy logic control scheme implemented on a single-board computer (SBC) (Cambridge, United Kingdom). The controller manages engine operation by adjusting the throttle command through pulse-width modulation. An initial control strategy based on generator rotational speed proved sensitive to measurement fluctuations, leading to instability. Consequently, the control inputs were redefined to include generator output voltage and its temporal variation, improving responsiveness to transient disturbances and enhancing overall stability. This revised approach allows the system to maintain the desired 48 V output across a wide range of operating conditions, as previously reported in [36]. A graphical user interface supports both manual supervision and fully autonomous operation.



Experimental validation confirmed that the integrated system is capable of sustained electrical generation on the order of 3 kW, with peak outputs reaching approximately 3.5 kW under increased load. Additionally, a list of more important parameters has been provided in Table 2. These results demonstrate the suitability of the platform for investigating hybrid propulsion concepts and assessing the performance of alternative fuel formulations under realistic UAV operating conditions.



To ensure continuity between the experimental test bench characterization and the eventual system-level application, a conceptual UAV platform is introduced as the intended integration target of the investigated hybrid micro-turboprop power system. While the propulsion unit has been experimentally validated in a bench-top configuration, the subsequent design phase involves its compact integration into a flight-capable architecture, for which the following UAV concept has been defined.



The envisioned platform, illustrated in Figure 2, remains in the conceptual design stage and serves primarily as a reference configuration for endurance estimation and system scaling. A schematic representation of the proposed UAV architecture is provided in the accompanying figure. The design is oriented toward medium-endurance missions requiring a balance between payload capacity, energy efficiency and operational flexibility within a hybrid propulsion framework. The principal technical characteristics of the conceptual UAV system are as follows:




	
UAV Type: Quadcopter.



	
Propulsion System Architecture: Coaxial.



	
Maximum electrical power demand: 3 kW.



	
Nominal Operating Voltage: 48 VDC.



	
Maximum Take-Off Weight: 40 kg.



	
Fuel storage capacity: 20 L.



	
Approximated flight autonomy (full-electric): 11 min.



	
Approximated flight autonomy (hybrid power source): 124 min.
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Figure 2. UAV design with the hybrid power source [36]. 






Figure 2. UAV design with the hybrid power source [36].



[image: Drones 10 00475 g002]





The present experimental validation was performed on a ground-based test bench. Therefore, the results should be interpreted as a controlled assessment of fuel effects under representative electrical loading, not as a complete flight validation. In real flight, the power system will be exposed to additional disturbances, including propeller inflow variations, platform vibration, ambient-temperature changes, altitude-dependent air density variation and transient maneuver loads. These effects can influence combustor operation, generator response, cooling conditions and fuel consumption. Future validation will therefore require vibration-loaded bench tests, controlled environmental testing and flight tests on the target UAV platform. The ground-test results reported here represent the first step in this validation sequence.




2.3. Experimental Campaign


The monitoring system illustrated in Figure 3 was deployed within a mobile laboratory, equipment that is part of the capabilities of the Romanian Research and Development Institute for Gas Turbines (COMOTI), Bucharest. This setup contains reference-grade instrumentation from the HORIBA AP360 series, designed for the accurate measurement of major atmospheric pollutants, including carbon monoxide (CO), sulfur oxides (SOx), nitrogen oxides (NOx) and ozone (O3). To complement pollutant measurements, a meteorological monitoring system was integrated into the system, enabling continuous recording of wind speed and direction, ambient temperature, atmospheric pressure and relative humidity at elevations of up to 10 m above ground level. Continuous pollutant measurements were performed at 10 s intervals, providing uninterrupted data acquisition and ensuring timely and representative tracking of emission variations throughout the experiment.



Source-level exhaust gas characterization was performed using an MRU Nova Plus combustion analyzer (Neckarsulm, Germany) connected directly to the engine exhaust through a sampling probe equipped with a high-temperature thermocouple. The analyzer enabled simultaneous measurement of exhaust gas temperature and the concentrations of the principal gaseous species considered in this study. Carbon monoxide was measured using the analyzer gas channel configured for CO detection, while nitrogen oxides were evaluated through NO and NO2 measurements, with total NOx obtained as the sum of the two species. Sulfur dioxide was measured using the dedicated SO2 channel. According to the manufacturer’s specifications, the measurement uncertainty of the exhaust analyzer is approximately ±5% of the reading for the measured gaseous species, depending on the channel and concentration range. For the ambient monitoring system, the HORIBA AP-360 series analyzers (Kyoto, Japan) provide repeatability and linearity within ±1% of full scale. These manufacturer-specified uncertainties were used to represent instrumental uncertainty in the result figures. Therefore, the error bars indicate measurement uncertainty and not the standard deviation of independent repeated tests. Figure 3 documents the experimental arrangement used during the emissions campaign. The micro-turboprop test bench represents the source of exhaust emissions, while the mobile laboratory and meteorological mast provide ambient pollutant and atmospheric-condition measurements. The figure is included to clarify the spatial relationship between source-level exhaust characterization and near-field environmental monitoring.



Particulate matter was not measured during the present experimental campaign because the available mobile emissions laboratory was configured for gaseous-emission monitoring, including CO, NOx, SOx and O3, and was not equipped with dedicated particulate instrumentation such as a condensation particle counter, scanning mobility particle sizer, electrical low-pressure impactor or gravimetric PM sampling system. Since PM concentration and particle-size distribution are highly sensitive to sampling dilution, probe temperature, residence time and line losses, they cannot be reconstructed reliably from the available gaseous-emission data. For this reason, the present work is limited to gaseous pollutants and thermal-performance indicators, while PM characterization is identified as a necessary extension of the study in future experimental campaigns.



The experimental investigation was carried out using three alcohol–kerosene fuel mixtures, formulated with volumetric alcohol contents of 10%, 20% and 30%. The tested blends were prepared volumetrically using Jet-A as the base fuel and ethanol, butanol or octanol as the alcohol component. For each alcohol species, three blending ratios were prepared: 10%, 20% and 30% alcohol by volume, denoted E10/E20/E30, B10/B20/B30 and O10/O20/O30, respectively. The required quantities of Jet-A and alcohol were measured separately and introduced into clean, sealed containers. The mixtures were homogenized at ambient temperature by repeated manual agitation until a visually uniform single-phase liquid was obtained. Before testing, each blend was visually inspected for turbidity, sedimentation or phase separation. No visible phase separation was observed during the preparation and testing interval. A dedicated temperature-controlled phase-stability campaign was not performed and is identified as future work.



Each blend was subjected to a series of controlled operating conditions in order to evaluate its behavior under representative propulsion loads. For consistency, every test condition was held for a duration of 60 s, allowing the system to reach a stabilized operating state before data acquisition. This approach minimizes the influence of transient effects and ensures that the recorded measurements accurately reflect steady-state performance. The set of operating conditions was defined to reproduce the range of power demands typically experienced by an unmanned aerial vehicle, spanning from minimal load to high-power operation.



	
R1 (Idle): This regime represents the least efficient operational state in terms of fuel consumption. During idle, the power-consuming components, specifically, the two EDFs simulating UAV propulsion, remain inactive. The system operates at a supply voltage of 20 VDC.



	
R2: In this regime, a single EDF is active, drawing an electrical power of approximately 1000 W. The supply voltage for this and the subsequent regimes is 48 VDC.



	
R3: At this operating point, the total electrical power consumption reaches 2000 W. The EDF activated in the previous regime maintains a constant rotational speed, while the second EDF gradually increases its speed until the desired power level is achieved.



	
R4: In this final regime, the system attains a total electrical power of 2500 W. At this stage, both EDFs operate at nearly equivalent rotational speeds, with the first EDF increasing its speed further to achieve the target power output.






Data collection during the tests was organized into three complementary measurement groups, each addressing a different aspect of system performance:




	
Core system parameters—These include engine operating level (throttle) and electrical variables such as voltage, current and generated power. Measurements were acquired through the onboard sensing system at a sampling interval of one second, ensuring adequate temporal resolution.



	
Ambient emission distribution—The dispersion of pollutants in the surrounding environment was monitored using a mobile measurement unit, providing spatial information on emission propagation beyond the exhaust outlet.



	
Exhaust gas characterization—Direct measurements at the exhaust were performed using a dedicated probe, capturing both exhaust gas temperature (EGT) and the concentration of key pollutant species. This dataset provides insight into combustion conditions and emission formation mechanisms.








This structured approach to testing and data acquisition enables a detailed and consistent evaluation of fuel performance across varying load conditions, supporting both energetic and environmental analyses.



The experimental campaign was designed as a comparative screening study under quasi-steady load regimes rather than as a full statistical repeatability campaign. Therefore, independent repeated tests sufficient for p-value calculation or confidence-interval estimation were not available for all fuel/regime combinations. To avoid unsupported statistical claims, the result figures report instrumental uncertainty based on manufacturer-specified accuracy and, where time-resolved data were available, temporal variation during the quasi-steady interval. Statistical significance testing is therefore not reported and is identified as a necessary extension of future work.





3. Results


The experimental campaign generated a broad dataset that enables evaluation of both the energetic and environmental behavior of alcohol–kerosene blends in the tested micro-turboprop system. Rather than presenting the results as a simple sequence of measurements, the analysis is organized around the relationships between fuel composition, engine response and emission formation mechanisms across the investigated operating domain.



A first level of interpretation focuses on how variations in blend formulation influence the overall operating state of the engine. Changes in alcohol content are reflected in measurable shifts in thermal and energetic indicators, including exhaust gas temperature and the level of electrical power delivered by the system. At the same time, exhaust composition provides insight into combustion quality, as variations in pollutant concentrations indicate differences in reaction completeness and flame characteristics.



Building on these observations, the results are further examined through the combined lens of efficiency and environmental performance. This integrated perspective allows the identification of trade-offs between power-generation capability and emission reduction potential, which are particularly relevant for propulsion systems intended for unmanned aerial vehicles. The objective is not only to quantify performance differences but also to understand how fuel properties influence the underlying combustion process and, consequently, the overall system behavior. To ensure that the conclusions are not dependent on a single comparison approach, two complementary evaluation strategies are employed. On one hand, each blend is analyzed across a range of mixing ratios, highlighting the sensitivity of engine performance to incremental changes in composition. On the other hand, fuels with different alcohol components are assessed at identical concentration levels, enabling a direct comparison of their respective impacts. This combined methodology provides a more robust basis for identifying consistent trends and distinguishing between composition-driven and fuel-specific effects.



3.1. Exhaust Gas Temperature


The EGT measurements obtained from the micro-turboprop engine indicate clear trends associated with both the type and concentration of alcohol in the kerosene blends, as well as the operating regime. As it can be observed in Figure 4, across all regimes, pure Jet-A fuel exhibited relatively stable EGT values ranging from 489.2 °C to 498.3 °C, providing a baseline for comparison with the alcohol–kerosene mixtures.



For ethanol–kerosene blends, increasing the ethanol content from 10% to 30% led to increasingly pronounced variations in exhaust gas temperature across the examined operating regimes. At the lowest ethanol concentration, the EGT profile remained closely aligned with that of neat Jet-A and exhibited only minor fluctuations as engine load increased. This behavior indicates that limited ethanol addition does not substantially modify the thermal response of the engine. At intermediate ethanol concentrations, the spread in EGT across regimes became more evident, with reduced temperatures at idle and low-load conditions and markedly higher temperatures at maximum load. This trend suggests that moderate ethanol fractions influence ignition and combustion processes more strongly, particularly under elevated power demand. At the highest ethanol concentration, the maximum EGT occurred under the highest load condition, while lower temperatures were observed at intermediate regimes, reflecting the combined effects of ethanol’s reduced energy density and its oxygenated nature, which can intensify combustion under high-power operation.



The influence of ethanol concentration on EGT can be explained by the competing effects of lower heating value, volatility and fuel-bound oxygen. Ethanol has a lower LHV than kerosene, which reduces the amount of chemical energy released per unit fuel mass. At low and intermediate loads, this effect, together with ethanol’s high latent heat of vaporization, can reduce local flame temperature and therefore lower EGT. However, ethanol also contains a high oxygen fraction, which can improve local oxidation in fuel-rich regions once the combustor reaches a sufficiently high temperature. At high load, where fuel-delivery rate, combustor temperature and reaction intensity are higher, the oxygenated structure of ethanol can promote more complete and faster oxidation, leading to increased heat release and, in some cases, higher EGT. Therefore, the EGT trend is not governed only by energy density, but by the balance between evaporative cooling, oxygen-assisted oxidation and operating-regime-dependent combustion intensity.



Butanol–kerosene blends exhibited broadly similar behavior, although with slightly higher peak temperatures and increased sensitivity to operating regime. At low butanol concentrations, EGT values followed trends comparable to those observed for ethanol blends, albeit with lower temperatures at idle. Increasing the butanol fraction resulted in a more uniform temperature distribution across regimes, while the highest butanol concentration produced the highest EGT observed among all tested blends under maximum load conditions. At the same time, comparatively lower temperatures persisted at idle and low-load operation. These observations indicate that butanol’s higher LHV supports elevated temperatures at high load, whereas its combustion characteristics may lead to reduced thermal output at lower loads due to slower ignition or less complete mixing.



Octanol blends demonstrated the greatest variability in EGT across operating regimes, highlighting the influence of longer-chain alcohols on combustion behavior. At low octanol concentrations, EGT trends were comparable to those of ethanol and butanol blends. As the octanol fraction increased, the divergence between low-load and high-load regimes became more pronounced, with substantially lower temperatures at idle and low power settings and elevated peak temperatures at maximum load. At the highest octanol concentration, this contrast was particularly evident, indicating that heavier alcohols can intensify thermal loads under high power while yielding cooler exhaust conditions at reduced loads due to slower combustion kinetics.



A comparison across alcohol types at equivalent blend ratios reveals several consistent trends. At low alcohol concentrations, EGT behavior is largely similar regardless of alcohol type, suggesting a limited influence of fuel composition on thermal performance. At intermediate concentrations, octanol blends tend to produce the lowest EGTs at idle and low-load regimes, while butanol blends exhibit the highest peak temperatures at maximum load. At higher alcohol fractions, all blends result in elevated EGTs under high-load conditions, with ethanol and octanol showing comparable peak behavior and butanol displaying slightly lower maxima accompanied by greater variation across regimes. These findings emphasize that both alcohol concentration and molecular structure play a significant role in shaping the engine’s thermal response.



Overall, the results demonstrate that EGT is governed by the combined effects of fuel composition and operating regime. Higher alcohol fractions generally lead to reduced EGT at low-load conditions, while high-load regimes amplify peak temperatures, particularly for butanol and octanol blends. This behavior underscores the importance of accounting for both fuel formulation and engine operating conditions when assessing the suitability of alcohol–kerosene mixtures for aviation applications, as EGT variations directly affect engine efficiency, thermal loading and long-term durability.




3.2. CO Content Level


The CO emission data presented in Figure 5 demonstrate that alcohol blending significantly influences combustion completeness, with the magnitude and consistency of the effect strongly dependent on both the alcohol type and blend ratio. Across all operating regimes, oxygenated fuels generally outperform conventional Jet-A in terms of CO reduction, particularly under low- and intermediate-load conditions, where incomplete combustion is most pronounced.



Among the tested alcohols, ethanol-based blends (E series) exhibit the most pronounced and systematic reduction in CO emissions as the alcohol fraction increases. The E20 and E30 blends show substantial reductions relative to Jet-A in Regimes R1 and R2, indicating enhanced oxidation facilitated by ethanol’s high intrinsic oxygen content. Notably, E30 achieves the lowest CO concentration observed across all fuels in Regime R3, confirming its superior ability to suppress CO formation under conditions of elevated combustion temperature and improved flame stability. However, a partial increase in CO emissions is observed in Regime R4 for E20 and E30, suggesting that at high ethanol fractions, combustion instability or altered flame dynamics may offset some of the benefits associated with oxygen enrichment.



In contrast, the butanol-based blends (B series) display more moderate and less consistent CO reductions. While BT20 and BT30 show improved performance compared with Jet-A in higher operating regimes, their CO emissions remain systematically higher than those of the corresponding ethanol blends at similar blending ratios. This behavior can be attributed to butanol’s lower oxygen content and higher LHV relative to ethanol, which reduces its effectiveness in promoting complete oxidation under fuel-lean or transient conditions. The absence of a strong monotonic reduction trend with increasing butanol content further suggests a weaker coupling between blend ratio and CO mitigation.



The octanol blends exhibit behavior that is intermediate between ethanol and butanol fuels. Higher octanol fractions (O20 and O30) lead to significant CO reductions in low-load regimes, in some cases approaching the performance of ethanol blends. However, at higher operating regimes, particularly R4, O10 records elevated CO emissions, comparable to or exceeding those of Jet-A. This trend indicates potential limitations related to combustion stability, fuel vaporization, or mixing effectiveness at elevated power levels, despite the presence of oxygenated species.



The CO trends are primarily governed by combustion completeness. Ethanol provides the highest oxygen content among the investigated alcohols and evaporates more rapidly than butanol and octanol, which improves local mixture preparation and oxidation of CO to CO2 under many regimes. Butanol and octanol contain less oxygen per unit mass and exhibit higher viscosity and lower volatility, which can reduce the strength of this oxygen-assisted oxidation effect. However, longer-chain alcohols provide higher energy density and more kerosene-like behavior, which can improve operational stability. The measured CO results therefore reflect a trade-off between oxygen availability, volatility, spray preparation and combustion stability.



When comparing the alcohol blends directly, ethanol-based fuels clearly demonstrate the most robust and repeatable CO reduction across the full operating envelope, followed by the octanol blends, with butanol blends showing the least pronounced improvement. These results underscore the dominant role of fuel-bound oxygen availability and volatility characteristics in governing CO formation. Nevertheless, the increase in CO emissions observed for high ethanol fractions at the highest regime highlights the necessity of balancing emissions benefits against combustion-stability constraints.



Overall, the comparative analysis confirms that E30 provides the greatest CO mitigation potential among all alcohol blends, particularly under conditions representative of typical UAV operation, while E10 and E20 offer a compromise solution, delivering meaningful CO reductions with improved stability relative to higher ethanol fractions.




3.3. NOx Content Level


During the experimental campaign, nitrogen oxide emissions generated during the combustion of the tested alcohol blends were systematically investigated, as these species represent a significant component of the overall pollutant emissions. Both total NOx and nitrogen monoxide (NO) concentrations were measured to enable a detailed characterization of nitrogen-based emissions and to allow indirect quantification of nitrogen dioxide (NO2). Figure 6a–c presents a comparison of NO and NO2 emissions across different alcohol types and blend concentrations used in the fuel mixtures. The addition of 5% AeroShell 500 Turbine Oil to the kerosene, a required additive for proper micro-turboprop engine operation, introduces extra nitrogen into the fuel. This is due to N-phenyl-1-naphthylamine (C16H13N), a component of the turbine oil, which contributes nitrogen to the combustion process.



Across all tested fuels, NOx concentrations generally increased with operating regime, reflecting the temperature-dependent nature of thermal NOx formation, which is promoted at elevated combustion temperatures. Within the ethanol–kerosene blends, a clear relationship between ethanol content and NOx emissions emerged. Compared with Jet-A, the ET10 blend consistently exhibited the lowest NOx and NO emissions across most operating regimes, particularly in R2–R4. This reduction is attributed to the combined effects of modest oxygen enrichment and slightly lower peak flame temperatures, both of which limit thermal NOx formation. As the ethanol fraction increased to ET20 and ET30, NOx emissions rose relative to ET10, especially at higher operating regimes. Although ET20 and ET30 still outperformed Jet-A under certain conditions, their NOx levels approached those of kerosene at the highest regime. This trend corresponds with the elevated and more variable exhaust gas temperatures observed for higher ethanol blends, which promote nitrogen oxidation despite the increased fuel-bound oxygen. Consequently, ET10 represents the optimal compromise for NOx mitigation, whereas higher ethanol fractions introduce a trade-off between CO reduction and increased NOx formation.



Butanol blends exhibited contrasting behavior. B10 produced NOx levels comparable to or slightly higher than Jet-A, particularly in R1 and R4, indicating limited mitigation at low blend ratios. Increasing the butanol content to B20 and B30 led to a systematic rise in both NOx and NO concentrations, with B30 consistently producing some of the highest emissions among all tested fuels at elevated operating regimes. This pattern can be explained by butanol’s higher LHV and lower oxygen content relative to ethanol, which elevate combustion temperatures without a proportional enhancement of oxidation completeness. As a result, butanol blends were less effective than ethanol blends in suppressing NOx formation, particularly at higher power settings. The octanol blends exhibited intermediate performance between ethanol and butanol fuels. O10 presented NOx levels similar to Jet-A, with minor reductions under intermediate operating regimes, whereas O20 and O30 showed progressively higher NOx emissions at increased blend ratios, approaching or exceeding Jet-A in R4. Although the oxygenated nature of the octanol fuel blends supported improved oxidation at low loads, the pronounced increase in NOx at higher regimes indicates that elevated flame temperatures and altered combustion kinetics dominate nitrogen oxidation processes. Therefore, OC blends provided limited NOx reduction benefits compared with ethanol, particularly at higher concentrations.



The NOx results are controlled mainly by local flame temperature, oxygen availability and residence time in high-temperature zones. Ethanol blends can reduce CO through improved oxidation, but the same improved oxidation may increase local flame temperature under high-load regimes, promoting thermal NOx formation. In contrast, butanol and octanol blends tend to behave more similarly to kerosene because of their longer hydrocarbon chains and lower relative oxygen content. This explains why NOx trends do not follow the same ranking as CO emissions.



Comparison across equivalent blending ratios further emphasized the distinct effects of alcohol type on nitrogen emissions. At a 10% blend ratio, E10 consistently exhibited the lowest NOx and NO concentrations across nearly all operating regimes, outperforming BT10, OC10 and Jet-A. B10 and OC10 produced emissions comparable to or higher than kerosene, especially under high-load conditions. At 20% alcohol content, E20 maintained lower NOx levels than BT20 and OC20 in most regimes, although the margin narrowed at higher power. BT20 and OC20 showed a more pronounced increase in NOx with operating regime, reflecting the influence of higher combustion temperatures and less effective oxygen enrichment compared with ethanol. At the highest blend ratio, E30 continued to outperform BT30 and OC30 in terms of NOx emissions despite elevated exhaust gas temperatures, whereas both BT30 and OC30 consistently recorded higher NOx and NO concentrations, particularly in R4. These results indicate that higher alcohol content does not universally reduce nitrogen emissions and may exacerbate thermal NOx formation depending on fuel properties.



Ethanol-based blends demonstrated the most effective reduction in nitrogen oxide emissions, particularly at low to moderate blending ratios. ET10 achieved the lowest NOx and NO emissions across the widest range of operating regimes, while higher ethanol fractions were associated with increasing NOx penalties due to elevated combustion temperatures. Butanol and OC blends exhibited limited NOx mitigation potential and showed a stronger tendency toward increased nitrogen oxide formation at higher blend ratios.




3.4. SO2 Content Level


The elemental analysis reported in Table 1 does not resolve trace sulfur content; therefore, the absence of sulfur from the listed elemental composition should not be interpreted as proof that the tested kerosene contained no sulfur-containing species. In aviation kerosene, sulfur may be present at trace levels depending on refining history and fuel specification. Since ethanol, butanol, and octanol do not introduce sulfur into the mixture, the measured SO2 can be attributed primarily to trace sulfur compounds in the kerosene fraction and to the detection sensitivity of the measurement system. The observed SO2 values displayed in Figure 7 should therefore be interpreted cautiously, particularly because measurable concentrations were limited to the idle regime and remained negligible at higher operating conditions.



The SO2 emission results indicate a strong dependence on operating regime, with measurable concentrations observed only during the lowest operating regime. For all fuels tested, SO2 levels were below the detection limit in the higher regimes, indicating that sulfur oxidation was confined to low-load operation.



Sulfur dioxide emissions exhibited a pronounced dependence on operating regime, with detectable formation occurring only under the lowest operating condition. Across all fuels, SO2 was not observed at moderate and high regimes, indicating that sulfur oxidation was effectively suppressed as operating temperature increased. Differences among fuels were therefore limited to low-load operation. Under these conditions, ethanol-based blends showed a systematic reduction in SO2 emissions with increasing ethanol content, consistent with sulfur dilution effects and the low intrinsic sulfur content of ethanol. Butanol and octanol blends displayed intermediate behavior, with limited SO2 formation that did not increase with blend ratio, suggesting that fuel-bound sulfur availability rather than combustion temperature governed SO2 production at low load.



The SO2 behavior should be interpreted primarily as a function of trace sulfur compounds present in the kerosene fraction and not as a direct consequence of the elemental composition of the alcohol molecules. Since ethanol, butanol, and octanol do not introduce sulfur into the fuel mixture, increasing the alcohol fraction can dilute the sulfur-containing kerosene fraction. However, the very low measured SO2 concentrations and the limited detection only under low-load operation indicate that SO2 trends are close to the detection capability of the measurement system and should be interpreted cautiously.




3.5. Relative Performance Characteristics Under Test-Bench Conditions


In the present study, the term “performance efficiency” is used in a relative system-level sense and refers to the micro-turboprop command level required to achieve a given electrical power output. It should not be interpreted as a direct thermodynamic combustion efficiency or brake thermal efficiency. A rigorous calculation of energy conversion efficiency would require synchronized measurements of fuel mass flow rate, fuel lower heating value, shaft power and electrical output for each fuel and operating condition. Since the present campaign focused on electrical output, command level, exhaust temperature and gaseous emissions, the performance comparison is based on throttle-demand behavior at equivalent electrical loads. Lower command demand for the same electrical output is interpreted as a favorable relative performance indicator, while direct thermodynamic efficiency calculations are identified as future work.



The subsequent analysis investigates how variations in fuel composition affect system performance, focusing on electrical power output and the associated throttle demand necessary for the micro-turboprop engine to sustain specific load conditions. Within the context of the developed test platform, electrical output constitutes the principal performance indicator, as it directly reflects the system’s capability to meet the energy demands of the targeted UAV application. Electrical power was determined based on real-time measurements of voltage and current. Alongside the power output, several auxiliary parameters were recorded to ensure a comprehensive characterization of system behavior. These include the rotational speed of the electric generator and the commanded engine operating level, referred to here as the throttle setting.



It is important to clarify the definition of throttle within this study, as it differs from its conventional interpretation in spark-ignition engines. In gasoline-powered systems, throttle position regulates the airflow entering the engine via a throttle valve. In contrast, the micro-turboprop engine considered in this work operates under a fuel-controlled regime, where output is governed by adjusting the fuel mass flow rate supplied to the combustion chamber. Consequently, the term “throttle” is used to denote the effective power setting associated with fuel delivery, rather than air intake restriction.



The comparative performance of the tested fuel blends was evaluated by analyzing the fuel consumption required to achieve equivalent electrical power levels, with conventional kerosene serving as the baseline reference. This approach enables a direct assessment of relative combustion efficiency under comparable operating conditions. The analysis was conducted over a range of engine regimes, ensuring that both low-load and high-load behaviors were captured.



Furthermore, instead of relying solely on discrete experimental points, a continuous representation of the relationship between throttle setting and electrical power output was established. This analytical formulation, derived from experimental data collected on the test bench, allows for a more comprehensive interpretation of system performance and facilitates comparison between different fuel compositions across the entire operating envelope. To establish this relationship, polynomial regression was chosen to be applied to the measured dataset, enabling interpolation between experimental data points. Polynomial regression is a widely used statistical technique for modeling nonlinear relationships between an independent variable and a dependent response by expressing the response as a polynomial function of the predictor. Although the resulting model is nonlinear with respect to the independent variable, it remains linear in its unknown coefficients, allowing parameter estimation to be carried out using classical linear regression techniques [36]. This approach is particularly advantageous in experimental studies where the underlying physical relationship is smooth but not strictly linear, similar to the present analysis.



Parameter estimation in polynomial regression is most commonly performed using the method of least squares, a foundational optimization technique originally introduced by Legendre and later formalized by Gauss [37]. The least-squares method determines the set of polynomial coefficients that minimizes the sum of the squared residuals between experimentally observed values and the corresponding model predictions. Under standard regression assumptions, including independent and identically distributed errors with zero mean and constant variance, least-squares estimators possess desirable statistical properties, such as unbiasedness and minimum variance among all linear estimators, as established by the Gauss–Markov theorem.



Given a dataset consisting of   m   experimental observations   ( x , y ) ,   polynomial regression of degree   n    represents the dependent variable as a linear combination of polynomial basis functions,


    y   i   =   β   0   +   β   1     x   i   +   β   2     x   i   2   + ⋯ +   β   n     x   i   n   +   ε   i    



(3)




where     β   j     are the regression coefficients and     ε   i     denotes the residual error. The least-squares solution is obtained by minimizing the objective function:


  S =    ∑  i = 1   m     (   y   i   − f (   x   i   )   )   2      



(4)




which quantifies the cumulative squared deviation between the measured data and the polynomial approximation [37]. Because the model is linear in the coefficients, the minimization problem leads to a system of normal equations that can be solved analytically using matrix algebra or numerically using stable factorization techniques such as QR decomposition or singular value decomposition, particularly for higher-order polynomials [38].



The selection of an appropriate polynomial degree is critical, as excessively low-order polynomials may fail to capture important nonlinear behavior, whereas high-order polynomials can introduce numerical instability and overfitting. Consequently, model selection is commonly guided by statistical goodness-of-fit indicators such as the coefficient of determination (    R   2    ), residual analysis or cross-validation procedures [39]. When applied appropriately, least-squares polynomial regression provides a robust and interpretable framework for representing experimental trends and interpolating system behavior between discrete measurement points. In the present study, the polynomial order was selected through iterative evaluation based on the coefficient of determination,     R   2    , which is defined in the following manner:


    R   2   = 1 −    S      ∑  i = 1   m     (   y   i   −   y  ¯    )   2         



(5)




where     y  ¯    denotes the mean value of the measured electrical power output. The selected polynomial order corresponds to the maximum     R   2     value while avoiding unnecessary model complexity.



Furthermore, to maintain consistency with the physical constraints of the system, the resulting regression function was adjusted to ensure positive output values over the entire experimental range. This correction prevents non-physical predictions and preserves the interpretability of the fitted model. The final polynomial expressions provide continuous representations of the experimental behavior and enable direct comparison of fuel blends at identical power levels. The polynomial order was selected through iterative fitting of the experimental command-level/electrical power dataset. Candidate polynomial orders were compared using the coefficient of determination (    R   2    ), visual inspection of residuals and avoidance of non-physical oscillations. The final order was selected as the lowest-order polynomial capable of reproducing the measured nonlinear trend without overfitting. The fitted curves are therefore used only as interpolation tools within the measured operating range and are not intended for extrapolation outside the tested command interval. The uncertainty of the fitted relationship is influenced by measurement uncertainty in voltage and current acquisition, the stability of the engine command signal and the non-uniform distribution of experimental points around the selected load regimes. For this reason, the polynomial functions are used for comparative visualization and relative performance assessment rather than for exact prediction of thermodynamic efficiency.



An example of this methodology is illustrated in Figure 8, which presents the measured data and corresponding polynomial fit for one of the ethanol blend operations. The non-uniform distribution of data points reflects targeted data acquisition at specific power levels to improve measurement accuracy, particularly for emission-related diagnostics.



The concentration of data points at specific power levels reflects the operating regimes under investigation, during which a particular power output was maintained for one minute. Correspondingly, an approximation function will be determined for each fuel blend, with comparisons conducted in two ways, using the kerosene trendline as a reference in both cases:




	
Fuel blends with the same alcohol type but varying concentrations.



	
Fuel blends with the same concentrations but different alcohol species.








For clarity and intelligibility, the experimentally obtained data points will not be displayed in the subsequent comparison.



	A. 

	
Fuel blends with the same alcohol type but varying concentrations







Figure 9 presents the throttle settings required to achieve the specified electrical power output for the three ethanol–kerosene blends. Overall, the observed operational response is broadly comparable to that of neat kerosene, with only minor deviations, which become more pronounced at higher operating regimes [40].



At the lower load condition (1000 W), the fuel mixtures containing 10% and 30% ethanol show a response that closely follows the kerosene baseline, with only minimal variation in the control input required to sustain the target output. In contrast, the blend with 20% ethanol deviates from this trend, requiring a noticeably higher fuel input, with throttle levels exceeding approximately 55% to achieve the same electrical power.



This non-uniform behavior persists as the load increases. At 2000 W, the 20% ethanol mixture again demands the highest control effort, with throttle values approaching 77%, whereas the remaining blends maintain operating conditions more consistent with those observed for pure kerosene. These observations suggest that intermediate blend ratios may introduce less favorable operating characteristics compared to both lower and higher ethanol concentrations.



When approaching the upper limit of the tested power range, further differences become apparent. The 20% blend exhibits a slight increase in achievable electrical output relative to the reference fuel, indicating a potential advantage under high-load conditions. Conversely, the 30% ethanol mixture is unable to sustain the required output over the entire duration of the test, resulting in a gradual decline in delivered power. This behavior is reflected in the corresponding graphical representation, where the apparent deviation from the target value is also influenced by the smoothing constraints associated with the applied eighth-order polynomial fit.



Despite the generally comparable steady-state performance of the tested blends, limitations become evident during the shutdown phase of operation. According to the established test procedure, each experiment concludes with a gradual reduction in system load from 2500 W to idle, followed by a brief stabilization period before complete engine shutdown. This sequence is routinely employed when operating with conventional kerosene, as it allows controlled thermal relaxation and ensures safe operation.



However, increasing the ethanol fraction alters the system’s response during this transition. The shift from high-load conditions to idle becomes progressively less stable, ultimately preventing the establishment of a steady low-power regime for blends with higher ethanol content. This effect is linked to the intrinsic properties of ethanol, namely its lower heating value and higher latent heat of vaporization compared to kerosene, which reduce the available thermal energy needed to sustain combustion at reduced power levels [41]. As a result, for blends with elevated ethanol content, stable idle operation could not be maintained, and the shutdown process had to be executed directly from higher load conditions. The final stage of the experimental sequence, illustrated in Figure 10, highlights this behavior, showing a more pronounced voltage drop for the 20% and 30% ethanol blends compared to both the kerosene reference and the 10% mixture.



If idle operation had been sustained, even briefly, a modification in the slope of the voltage trendline would be anticipated, indicative of a transient stabilization in electrical output. This response is observed exclusively for the kerosene case, thereby supporting the conclusion that increasing ethanol content adversely impacts idle stability in the investigated micro-turboprop power-generation system.



The butanol–kerosene blend behaves in a slightly different manner compared to the conventional kerosene, especially in the higher load regimes, an observation which can be made by examining Figure 11.



At the 1000 W operating condition, the B20 and B30 fuel blends display nearly identical operational behavior, both reaching the target electrical power output at a throttle setting of 55%. In comparison, the B10 blend requires a slightly higher throttle position to achieve the same power level, suggesting a relative increase in fuel demand. As the engine operates under higher load regimes, the conventional kerosene blend exhibits marginally superior efficiency compared to the butanol–kerosene blends. This efficiency advantage is reflected in a lower required throttle setting, with the observed variation being on the order of one throttle unit, indicating more effective energy conversion at elevated loads. Furthermore, the butanol blends manage to follow the shutdown procedure, managing to hold higher difference in loads.



The performance response of the octanol–kerosene blends, illustrated in Figure 12, exhibited non-monotonic behavior with respect to alcohol concentration and operating regime.



Among the tested mixtures, the blend containing 30% octanol showed the closest correspondence to the baseline kerosene performance across the operating range and, in certain regimes (R2 and R4), marginally exceeded the performance of the reference fuel. In contrast, the lower-concentration blends displayed regime-dependent deviations. The 20% octanol blend demonstrated improved performance under intermediate operating conditions but a relative degradation at higher load, whereas the 10% blend exhibited enhanced performance at the highest operating regimes while underperforming at lower power settings.



This behavior can be attributed to the competing effects of fuel physicochemical properties and combustion dynamics. At higher octanol concentrations, the fuel blend more closely approaches the energy density and volatility characteristics of kerosene, promoting stable atomization and combustion across a broad operating envelope. Additionally, the oxygen content of octanol at elevated blend ratios can enhance combustion completeness without substantially reducing flame temperature, thereby supporting improved performance under moderate and high loads. The superior behavior of the 30% blend in R2 and R4 suggests that, under these conditions, the balance between fuel-bound oxygen availability and thermal energy release is optimized.



At lower octanol concentrations, the influence of altered spray characteristics and evaporation dynamics becomes more pronounced. The 20% blend appears to benefit from improved oxidation kinetics at intermediate regimes, where residence time and temperature are sufficient to exploit the oxygenated nature of the fuel. However, at higher operating regimes, the reduced value of the LHV relative to kerosene leads to a measurable performance penalty. Conversely, the 10% blend retains combustion characteristics closer to neat kerosene at high load, where elevated temperatures compensate for slower evaporation and reduced oxygen contribution, resulting in improved performance at the highest regimes but diminished efficiency at lower loads.



	B. 

	
Fuel blends with the same concentrations but different alcohol species







A comprehensive evaluation of alcohol–kerosene blend performance needs a systematic comparison based on alcohol concentration. Figure 13 provides a comparative analysis of engine performance for kerosene blends incorporating 10% of each investigated alcohol.



Across all operating regimes, the ethanol-containing fuel blend demonstrates performance characteristics that are nearly indistinguishable from those of conventional kerosene. Similarly, the octanol–kerosene blend exhibits behavior comparable to the E10 blend, particularly at the highest operating regime, while deviations observed at lower and intermediate loads remain below 1% in terms of throttle setting. Among the three fuel blends containing 10% alcohol, the B10 blend requires the highest fuel input to achieve a given power output, as indicated by its comparatively higher throttle demand. Nevertheless, its performance remains broadly consistent with that of the other blends. The performances of the alcohol–kerosene fuel blends change when another 10% alcohol is added, as displayed in Figure 14.



Increasing the alcohol content by an additional 10% led to improved efficiency of the butanol–kerosene blend under the 1000 W operating condition compared to the other alcohol-containing fuels, with performance even marginally surpassing that of conventional kerosene. This increase in alcohol concentration resulted in a reduction in the required throttle setting from approximately 58% to 56% to achieve the same power output. However, at the highest operating regime, the performance of the B20 blend converges with that of the B10 blend, indicating diminishing efficiency gains at elevated loads.



The O20 blend exhibits a similar overall trend to the B20 blend, although it demonstrates slightly reduced efficiency at the operating condition corresponding to an electrical output of 2500 W. In contrast to the butanol-containing fuels, increasing the alcohol fraction in the octanol–kerosene blend leads to a decrease in efficiency. The ethanol-containing fuel blend displays an opposing trend relative to the other alcohol blends, showing improved performance at the highest operating regimes, where it marginally outperforms conventional kerosene.



As shown in Figure 15, increasing the alcohol content to 30% yields performance characteristics that closely match those of conventional kerosene under low-load operating regimes, specifically R1 and R2, which are associated with lower electrical power outputs.



During the R3 operating regime, the E30 fuel blend exhibits the highest efficiency, a conclusion that is supported by comparison with the other ethanol–kerosene blends at varying alcohol concentrations. The O30 blend demonstrates performance similar to that of conventional kerosene, showing slightly reduced efficiency at the 2000 W power regime, but surpassing the conventional fuel in efficiency at the highest operating regime. In contrast, the B30 blend displays the lowest efficiency among all alcohol–kerosene blends.




3.6. Pollutant Emission Dispersion Behavior


For a better visualization of the dispersion phenomenon, wind rose diagrams were constructed for each experimental condition corresponding to alcohol blending ratios of 10% (Figure 16), 20% (Figure 17) and 30% (Figure 18) [37]. These visualizations are complemented by directional maps of the principal gaseous pollutants, namely CO and NOx, allowing the assessment of their evolution relative to wind direction. Sulfur dioxide (SO2) was not included in this part of the analysis due to its consistently negligible concentrations, which limited its analytical relevance.



The combined representation of wind patterns and pollutant distributions demonstrates the strong influence of atmospheric conditions on emission dispersion. In each polar plot, the micro-turboprop engine is positioned at the center, representing the emission source, while the wind rose illustrates the frequency and intensity of wind directions recorded during the measurement intervals. Superimposed pollutant concentration fields enable direct observation of how emissions are transported under varying meteorological conditions.



The results show a clear alignment between the pollutant plume and the prevailing wind direction, indicating that advection is the dominant transport mechanism. Emissions are carried away from the source along the main wind trajectory, producing elongated dispersion patterns that follow the dominant airflow. This behavior is typical of combustion-generated plumes, where both exhaust momentum and ambient wind contribute to the overall plume development and dilution.



Wind speed plays a critical role in determining pollutant concentration levels. Increased wind velocities promote enhanced mixing and dispersion, leading to lower pollutant concentrations as emissions are distributed over a wider range. In contrast, lower wind speeds result in reduced airflow and weaker dilution, causing higher pollutant concentrations to persist near the source. This inverse relationship between wind speed and pollutant concentration is consistent with established atmospheric dispersion principles for steady emission sources.



These observations highlight the dual influence of source characteristics and environmental conditions. While fuel composition and engine operating regime define the initial emission intensity, the surrounding wind field governs how those emissions are transported, diluted and spatially distributed. As such, the resulting concentration patterns are not solely a function of emission rates but also of the prevailing atmospheric dynamics.



From an environmental standpoint, this finding is particularly relevant. It suggests that local pollutant exposure cannot be assessed based only on emission levels. Under low wind conditions, even modest emissions may lead to elevated concentrations in the immediate vicinity, whereas stronger winds can significantly reduce local impact through rapid dispersion. This has important implications for UAV operations, especially in confined or urban environments where airflow conditions may vary significantly. Differences between fuel blends are also reflected in the dispersion patterns. Figure 19a–f presents the dispersion behavior for the butanol- and octanol–kerosene blends. The overall geometry of the plume remains largely controlled by prevailing wind direction, highlighting the dominant role of atmospheric transport mechanisms in dispersion. In this context, the type of fuel primarily affects the intensity of the measured concentrations, while the overall distribution pattern is governed by meteorological conditions.



To support the qualitative wind rose interpretation, the dispersion analysis was complemented by a quantitative comparison of the maximum measured ambient pollutant concentrations for each fuel group and blending ratio. The comparison considered the peak CO and NOx values recorded by the mobile monitoring system during each test sequence, together with the associated dominant wind direction and wind-speed interval. Because all ambient measurements were performed at a fixed monitoring distance, the results should be interpreted as near-field concentration indicators rather than complete diffusion-range measurements. The quantitative comparison confirms that ambient pollutant levels are governed by both source strength and meteorological transport, meaning that lower exhaust concentration does not necessarily translate linearly into lower ambient concentration at the monitoring point.



As a final aspect of this study, the economic evaluation of the investigated alcohol–kerosene blends was conducted in order to quantify the operational cost implications of partial fuel substitution in a micro-turboprop UAV system under European market conditions. In contrast to the performance and emissions analyses, where combustion characteristics introduce nonlinear effects, the economic assessment can be treated in a more direct manner, as fuel cost scales primarily with volumetric composition when fuel consumption is assumed to remain approximately constant across blends for equivalent power output. This assumption is supported by the experimental results, which showed only minor variations in throttle demand between fuel types at comparable operating regimes.



The baseline reference for kerosene was taken from European market data reported by GlobalPetrolPrices, where the average price of aviation kerosene is approximately 1.1 €/L, with minor regional fluctuations depending on taxation and supply conditions. In comparison, pure ethanol—used here as a direct blending component rather than gasoline–ethanol mixtures—was considered at approximately 0.95 €/L, while butanol and octanol were taken as 1.30 €/L and 2.00 €/L respectively, reflecting their significantly lower production scale and higher synthesis cost within the European chemical market.



To ensure consistency across all tested configurations, a simple volumetric blending model was applied, in which the cost of each fuel mixture is determined as a linear combination of its components based on their respective volume fractions. In this framework, the resulting cost differences between fuels are governed entirely by the proportion of alcohol in the blend and the relative price difference between kerosene and the substituted alcohol. The analysis was then scaled to a representative UAV operational scenario assuming a fixed 10 L fuel tank capacity, which is typical for small-scale micro-turboprop systems operating in endurance-limited configurations.



When applying this model, the resulting mission costs show that pure kerosene remains the baseline economically optimal fuel, with a total cost of approximately 11 €. The introduction of ethanol results in only marginal increases in total mission cost. Even at the highest investigated substitution level (E30), the cost increase remains limited, reflecting the relatively low market price of ethanol in Europe. As a result, ethanol-based blends can be considered economically neutral within the context of UAV operation, particularly at low to moderate blending ratios.



Butanol blends exhibit a slightly more pronounced cost increase across all mixing ratios. Although butanol has a somewhat higher energy density than ethanol, this advantage does not translate into economic benefit under the adopted model, as its higher market price dominates the overall cost structure. Consequently, even at low substitution levels, butanol introduces a consistent but moderate cost penalty compared to kerosene operation, which increases progressively with blending ratio.



Octanol blends show the most significant economic impact among all tested fuels. Even at a 10% substitution level, a noticeable increase in mission cost is observed, and this effect becomes more pronounced at higher blending ratios. At 20% and 30% octanol content, the operational cost increase becomes substantial, primarily due to the high procurement cost of octanol in the European industrial market. Unlike ethanol and butanol, where cost differences remain relatively small at low blending ratios, octanol introduces a clear economic disadvantage even in lightly blended configurations.



The economic analysis should be interpreted as a first-order operating-cost comparison based primarily on fuel procurement price and estimated mission consumption. It does not yet include all industrial deployment costs. In practice, storage, transportation, safety handling, moisture protection, fuel-system compatibility and supply-chain availability can significantly influence the total cost of alcohol-blended fuels. Ethanol blends may require additional moisture-control measures because of hygroscopic behavior, while butanol and octanol offer better water tolerance but generally involve higher procurement costs. Octanol, in particular, may introduce additional logistics costs due to its higher market price and lower availability. Therefore, the economic ranking should be interpreted as indicative rather than definitive. Future work should include a full techno-economic assessment including storage, transport, handling, material compatibility and fuel certification costs.



Overall, ethanol emerges as the most economically viable alternative, maintaining near-baseline operational cost levels while enabling partial fuel substitution. Butanol represents an intermediate case with a moderate and predictable cost increase, while octanol is economically unfavorable for UAV applications despite any potential performance advantages observed in the engine tests.





4. Discussion


The present study provides a comparative assessment of ethanol–, butanol– and octanol–kerosene blends in a micro-turboprop hybrid power system, with particular emphasis on the interaction between fuel molecular structure, combustion behavior and emissions formation. Compared with previous micro-turbojet studies, the present work differs in both architecture and evaluation metric. Earlier investigations generally evaluated thrust, fuel flow and exhaust emissions in direct-propulsion micro-turbojet engines. In contrast, the present study evaluates a micro-turboprop engine coupled to an electric generator, where the relevant output is electrical power, and the fuel effect is mediated by generator loading, control response and DC-bus stability. Therefore, the present dataset extends previous alcohol–kerosene research by showing how fuel molecular structure affects system-level behavior in a hybrid UAV power-generation architecture.



The different behavior of ethanol, butanol and octanol is directly linked to molecular structure. Ethanol has the shortest carbon chain and the highest oxygen mass fraction, which promotes rapid evaporation and stronger oxygen-assisted oxidation. This explains its superior CO reduction, especially at low and intermediate loads. However, the same high oxygen availability can intensify combustion at high load and contribute to increased NOx formation. Butanol represents an intermediate case, with higher heating value and lower oxygen content than ethanol, leading to more moderate emissions benefits but improved fuel compatibility. Octanol has the longest carbon chain, the lowest oxygen mass fraction among the tested alcohols and the highest viscosity. As a result, it behaves more similarly to kerosene, with improved operational stability but weaker oxygen-assisted CO mitigation. These trends confirm that alcohol blending cannot be optimized only by increasing oxygen content; volatility, viscosity, heating value and chain length must also be considered.



The reduced stability observed for high-percentage blends, particularly E30 and O30 under low-load conditions, can be explained by the interaction between volatility, heating value, viscosity and ignition behavior. For ethanol-rich blends, the high oxygen content and high volatility promote rapid evaporation, but the lower heating value reduces the energy released per unit fuel mass. Under low-load operation, where combustor temperature and residence time are limited, this can lead to incomplete stabilization of the flame and increased sensitivity to fuel-delivery fluctuations. For octanol-rich blends, the higher viscosity and lower volatility can slow atomization and evaporation, producing less homogeneous fuel–air mixtures and delayed oxidation. As a result, both short-chain and long-chain high-percentage blends can exhibit low-load stability penalties, but for different physical reasons.



A key outcome of this work is the clear dependence of engine behavior on alcohol chain length. The progression from ethanol (C2) to octanol (C8) introduces systematic changes in volatility, oxygen content and energy density, which directly influence combustion dynamics. Short-chain alcohols such as ethanol promote rapid evaporation and enhanced oxidation due to their high oxygen content, while longer-chain alcohols increasingly resemble hydrocarbon fuels, favoring stability and energy release but reducing the relative contribution of fuel-bound oxygen.



This fundamental distinction is reflected most clearly in the emissions results. Ethanol-based blends demonstrate the strongest reduction in carbon monoxide across all operating regimes, confirming that fuel-bound oxygen plays a dominant role in improving combustion completeness. However, this advantage is accompanied by a tendency toward increased nitrogen oxide formation at higher loads. The elevated NOx levels observed for higher ethanol fractions can be attributed to intensified combustion and higher local flame temperatures, which accelerate thermal NOx formation. This trade-off highlights a classical combustion dilemma: improving oxidation efficiency often comes at the expense of increased high-temperature reaction pathways.



In contrast, butanol blends exhibit a more moderate and less consistent emissions response. Although butanol contains oxygen, its lower oxygen fraction and higher energy density reduce its effectiveness in promoting complete oxidation compared with ethanol. As a result, CO reductions are less pronounced, and NOx emissions tend to increase with blend ratio, particularly at higher loads. This behavior suggests that butanol does not significantly alter the balance between oxidation and temperature-driven pollutant formation, instead behaving as an intermediate case between oxygenated and hydrocarbon fuels.



Octanol blends present a different profile, characterized by comparatively stable combustion behavior and performance characteristics that closely follow those of conventional kerosene. The longer carbon chain and lower volatility of octanol result in slower evaporation and reduced reactivity at low loads, but under moderate and high-load conditions, these blends demonstrate efficient and sustained combustion. From an emissions perspective, octanol provides moderate CO reductions at higher concentrations, though its impact is less pronounced than that of ethanol. At the same time, NOx emissions increase with load, reflecting the higher combustion temperatures associated with improved energy release. Overall, octanol behaves as a near drop-in component, prioritizing stability and performance over maximum emissions reduction.



The differences between fuels become particularly relevant when considering operational stability and performance under varying load conditions. Ethanol blends, especially at higher concentrations, exhibit limitations during low-load operation and transient transitions, indicating that their lower heating value and high latent heat of vaporization can adversely affect flame stability. This behavior is critical in UAV applications, where reliable operation across a wide range of power demands is essential. Butanol blends show improved stability compared with ethanol but require higher fuel input to achieve equivalent power output at elevated loads, indicating reduced efficiency. In contrast, octanol blends maintain stable operation across all regimes and demonstrate performance characteristics that are consistently comparable to those of neat kerosene.



When these factors are considered together, a clear hierarchy emerges depending on the performance criterion. Ethanol is the most effective option for reducing CO and SO2 emissions, making it attractive from an environmental perspective, particularly in low- and medium-load regimes. However, its drawbacks in terms of NOx formation and operational stability limit its applicability without additional control strategies. Butanol offers no distinct advantage in either emissions or performance and appears to represent a transitional fuel whose benefits are insufficient to outweigh its limitations. Octanol, while not achieving the same level of emissions reduction as ethanol, provides the most balanced performance, combining acceptable emissions behavior with high stability and efficiency across the operating range.



These findings suggest that fuel selection for hybrid UAV propulsion systems cannot be based on a single parameter but must instead reflect a compromise between competing objectives. Thus, a multi-criteria ranking of the investigated fuels was developed using an Analytic Hierarchy Process (AHP)-inspired weighting methodology, adapted to reflect the specific operational constraints of a micro-turboprop UAV integrated within a hybrid propulsion architecture. In such systems, the engine functions primarily as a power-generation unit rather than a direct thrust provider, supplying electrical energy to onboard systems and/or battery storage. Consequently, the evaluation framework was constructed to prioritize criteria that directly influence system stability, energy conversion efficiency and emissions performance, rather than considering these factors independently.



The weighting factors used in the multi-criteria ranking were defined using an AHP-inspired engineering judgment approach. The criteria were selected to reflect the functional requirements of hybrid UAV power systems: operational stability, relative performance, CO emissions, NOx emissions, EGT behavior and cost. Stability and relative performance were assigned the highest weights because loss of power continuity or excessive command demand directly affects UAV mission reliability and endurance. Emission criteria were assigned intermediate weights because environmental performance is a principal objective of the study, while cost was assigned a lower weight because the analysis is intended primarily as a technical fuel-screening framework rather than a complete techno-economic optimization.



To evaluate the robustness of the ranking, a sensitivity check should be performed by varying the criteria weights within a defined interval, for example, ±10% or ±20%, while maintaining the normalized total weight equal to one. If the top-ranked blends remain within the same group under these perturbations, the ranking can be considered qualitatively robust. In the present work, the ranking should therefore be interpreted as an engineering decision-support tool rather than as an absolute universal fuel-selection rule.



The weighting factors were defined based on both engineering judgment and the experimental observations obtained in this study. Performance efficiency, quantified through throttle demand required to achieve a given electrical output, was assigned a weight of 0.22, reflecting its direct impact on fuel flow, endurance and overall system efficiency. In a hybrid UAV context, even small deviations in required throttle translate into cumulative fuel penalties over long missions, justifying its high importance.



Operational stability, particularly idle behavior and transient response during load changes, was assigned an even higher weight of 0.25. This choice is strongly supported by the experimental findings, where higher ethanol blends (E20 and E30) exhibited clear instability during shutdown and low-load operation. In a hybrid system, such instability can propagate into the electrical subsystem, causing voltage fluctuations or loss of power continuity, which are unacceptable in mission-critical UAV applications.



Emissions-related criteria were divided into carbon monoxide (CO) and nitrogen oxides (NOx), with weights of 0.18 and 0.15, respectively. CO reduction was given slightly greater importance due to its direct relationship with combustion completeness and its strong sensitivity to fuel composition, as demonstrated by the superior performance of ethanol blends in the experimental campaign. NOx emissions, while environmentally significant, are more strongly influenced by combustion temperature and operating regime and therefore were assigned a slightly lower weight in the decision framework.



Exhaust gas temperature (EGT) stability was included with a weight of 0.12, serving as an indicator of thermal loading and long-term engine durability. Although EGT does not directly affect immediate UAV performance, large variations or elevated peak temperatures can accelerate material degradation and reduce engine lifespan, which is particularly relevant for UAV systems intended for repeated or long-duration missions.



Finally, cost was incorporated with a weight of 0.08, reflecting its secondary importance in the context of hybrid UAV operation. As demonstrated in the economic analysis, the cost differences between most blends (with the exception of octanol) remain relatively modest under European market conditions. Therefore, while cost remains a relevant factor for large-scale deployment, it does not dominate the decision-making process compared to stability and efficiency considerations. Because alcohol prices vary significantly with region, purity grade, supply contract and market conditions, the economic comparison was supplemented with a sensitivity perspective. The base case uses representative European industrial market prices, while the sensitivity interpretation considers how the ranking would change if alcohol prices increase or decrease relative to kerosene. Ethanol remains the least sensitive option because its price and availability are generally more favorable than those of butanol and octanol. Butanol becomes economically competitive only if its procurement price approaches that of ethanol or if its operational benefits offset the price premium. Octanol is the most price-sensitive option; even modest increases in octanol price significantly penalize O20 and O30 despite their stable operational behavior. Therefore, the economic results should be interpreted as market-dependent and should be updated for the intended deployment region before industrial implementation. Each fuel was then evaluated against these criteria using a normalized scoring scale derived from the experimental results and comparative analysis presented in the previous sections. Scores were assigned based on relative performance (e.g., lowest CO emissions, best stability behavior, lowest throttle demand) and mapped onto a consistent numerical scale (e.g., from poor to excellent performance). The weighted score for each fuel was subsequently calculated as the sum of the products between the criterion weights and the corresponding normalized scores. This approach ensures that fuels performing well in highly weighted categories, such as stability and efficiency, are favored in the final ranking. The resulting ranking presented in Table 3 reflects the integrated performance of each fuel across all considered dimensions and highlights the inherent trade-offs between emissions benefits, operational reliability and economic impact:



The ranking confirms that E10 represents the most suitable compromise for hybrid UAV applications, as it combines strong emissions reduction—particularly in CO and NOx—with stable operation and near-baseline performance efficiency. Fuels with higher alcohol content, while offering improved emissions performance in certain regimes, are penalized by reduced stability and increased variability in engine response. Similarly, butanol and octanol blends, although advantageous in specific aspects such as high-load performance, fail to deliver a consistently balanced improvement across the full set of criteria.



It is noteworthy that E10 and O20 emerge as closely competing configurations in the overall ranking, indicating that their performance envelopes are of comparable magnitude when all weighted criteria are considered. However, this similarity masks a fundamental difference in operational robustness: while E10 achieves superior emissions performance, particularly in CO reduction, its behavior at low-load and transitional regimes reveals reduced combustion stability, which may limit reliability in extended UAV missions. In contrast, O20 exhibits a more stable and predictable engine response across operating conditions, despite providing less pronounced emissions benefits. This distinction is critical in the context of hybrid UAV systems, where operational continuity and transient stability are often as important as peak environmental performance.



From a safety and practical-deployment perspective, ethanol blends require particular attention because ethanol has a lower flash point and higher hygroscopicity than butanol, octanol and kerosene. Moisture absorption can affect fuel stability, phase behavior and material compatibility during storage. Therefore, ethanol-containing blends should be stored in sealed, moisture-protected containers and should be subjected to phase-stability testing before operational deployment. Butanol and octanol offer improved handling safety because of their higher flash points and lower water affinity, but their higher cost and, in the case of octanol, higher viscosity may limit industrial scalability. Practical implementation of alcohol–kerosene blends will therefore require not only engine testing but also evaluation of storage stability, transport safety, fuel-system compatibility, cost and supply-chain availability.



Finally, the results underline the importance of integrating fuel properties with system-level considerations. The interaction between combustion chemistry, engine operating conditions and atmospheric effects ultimately determines both performance and environmental impact. As such, future optimization of alternative fuels for UAV applications should focus not only on fuel composition but also on adaptive control strategies and system design modifications that can exploit the benefits of oxygenated fuels while mitigating their inherent limitations.



Although the present study focuses on alcohol–kerosene blends, future hybrid UAV architectures may combine combustion engines with batteries, fuel cells or thermal-recovery subsystems. In this context, waste heat recovery and cooling integration are relevant design directions. Recent work on hydrogen aeroengines has shown that closed Brayton-cycle waste heat recovery can improve system-level exergy performance and thermal management, with optimized configurations achieving significant net-power recovery under constrained heat input [42]. This suggests that future UAV hybrid power systems should not treat the combustion engine, electrical subsystem and thermal-management system independently, but as coupled elements of an integrated energy architecture.



Furthermore, from an application perspective, the preferred fuel blend depends on UAV mission type. For surveillance, mapping and endurance-oriented UAVs, operational stability and predictable power generation are critical; therefore, O20 may be attractive because of its kerosene-like behavior and stable response. For missions where emission reduction is prioritized and load variation is moderate, such as environmental-monitoring UAVs, E10 is recommended as the most balanced option because it combines emission benefits with acceptable stability and cost. For heavy-lift logistics UAVs operating at sustained high load, lower alcohol fractions such as E10 or O10 are preferable until higher-percentage blends are validated under long-duration thermal loading. For military or emergency-response UAVs, reliability and fuel availability should dominate the selection criteria; therefore, Jet-A or low-percentage blends should remain preferred until flight validation confirms the operational robustness of alternative blends.




5. Conclusions


This study has presented a comprehensive experimental and analytical evaluation of alcohol–kerosene fuel blends in a micro-turboprop engine configured for hybrid UAV applications, with particular emphasis on the coupled effects of fuel composition, combustion behavior, emissions formation and system-level performance. The article addressed a gap in the current literature, where the use of alternative fuels has been extensively studied for automotive and large-scale aviation systems but remains insufficiently explored for small-scale turbine engines and, in particular, for hybrid UAV applications. By combining combustion analysis, emissions characterization, performance assessment and economic evaluation within a unified framework, the study provides a system-level perspective on the suitability of oxygenated fuels for emerging UAV propulsion concepts.



A central contribution of this work lies in extending the investigation of alternative fuels to a micro-turboprop hybrid power-generation context, an area that remains largely unexplored in the current literature, where most studies focus on either automotive engines, large-scale aviation turbines or hybrid UAV power systems using piston engines or micro-turbojet engines. By contrast, the present study addresses a critical gap by providing experimentally validated insights into how alcohol-based fuels behave in small-scale turbine engines operating as energy sources within hybrid UAV architectures. In such systems, the engine’s role is not limited to thrust generation but is intrinsically linked to electrical power production, thereby imposing stricter requirements on operational stability, transient response and efficiency consistency.



The findings confirm that fuel molecular structure plays a defining role in determining combustion characteristics and emissions behavior. Ethanol-based blends exhibit the most significant reductions in CO and SO2 emissions, highlighting the effectiveness of fuel-bound oxygen in enhancing combustion completeness. However, these benefits are accompanied by increased NOx formation at higher loads and reduced stability during low-power operation, particularly at elevated blending ratios. In contrast, butanol blends provide limited emissions improvement and do not offer a clear advantage in performance or efficiency, positioning them as an intermediate but ultimately less favorable option. Octanol blends, while delivering the most stable combustion behavior and performance characteristics closest to conventional kerosene, are associated with higher NOx emissions and increased economic cost, reflecting a shift toward hydrocarbon-like behavior with reduced oxygenation benefits.



When interpreted in the context of hybrid UAV operation, these results underscore the importance of balancing emissions reduction with system stability and efficiency. Unlike conventional propulsion systems, hybrid UAV platforms require continuous and reliable power delivery to maintain electrical subsystem integrity. Instabilities observed in higher ethanol blends, particularly during low-load transitions, highlight a critical limitation that may compromise system reliability if not addressed through control strategies or design adaptations.



To address the multi-dimensional nature of this problem, an AHP-inspired multi-criteria decision framework was implemented, allowing the integration of performance, stability, emissions, thermal behavior and cost into a unified evaluation model. By assigning weights that reflect the priorities of hybrid UAV systems, namely operational stability and efficiency as dominant criteria, the analysis provides a structured and application-relevant ranking of the tested fuels. The resulting hierarchy identifies the E10 blend as the most suitable overall solution, offering a balanced combination of emissions reduction, stable operation and minimal economic penalty. Octanol blends, particularly O20, emerge as strong candidates from a performance standpoint, while higher alcohol concentrations and butanol-based fuels are penalized due to instability, inefficiency, or lack of measurable benefit.



Importantly, E10 and O20 appear as closely competing solutions in the final ranking, despite exhibiting fundamentally different operational trade-offs. While E10 provides the cleanest combustion behavior in terms of CO and NOx emissions, its stability under low-load and transient conditions is comparatively weaker, which may introduce limitations in long-duration UAV missions where continuous power reliability is essential. Conversely, O20 demonstrates superior combustion stability and more consistent engine response across operating regimes, although at the expense of reduced emissions benefits and higher environmental impact. This distinction highlights that similar overall ranking scores do not necessarily imply equivalent suitability, but rather different optimization pathways depending on whether emissions minimization or operational robustness is prioritized.



From a control perspective, the results indicate that hybrid UAV power systems using alcohol–kerosene blends should include adaptive fuel-aware control strategies. Low-percentage ethanol blends such as E10 are suitable for missions requiring a compromise between emissions reduction and stable electrical power generation, but higher ethanol fractions require careful low-load and shutdown management. Octanol blends, particularly O20, may be useful where stable kerosene-like operation is more important than maximum CO reduction. Future control strategies should therefore adapt engine command, generator loading and battery-buffer operation according to the selected fuel blend and mission phase. From a fuel-design perspective, the results support low-to-moderate alcohol blending rather than high alcohol substitution, because higher fractions amplify trade-offs related to heating value, viscosity, EGT behavior, emissions and stability.



From a broader perspective, this study demonstrates that the suitability of alternative fuels for UAV propulsion cannot be determined solely on the basis of emissions or performance improvements. Instead, it requires a system-level approach, where fuel properties are evaluated in conjunction with engine behavior and hybrid system requirements. The integration of experimental data with a structured decision-making framework represents a key strength of this work, enabling a more realistic assessment of fuel viability in practical UAV applications. The present results are, however, based on ground test-bench experiments and do not fully reproduce in-flight disturbances such as altitude variation, airflow changes, vibration, thermal cycling or dynamic mission maneuvers. Future work should therefore include flight-representative tests, vibration-loaded bench tests, altitude/temperature simulation and ultimately real UAV flight validation.



In conclusion, ethanol-based blends at low concentrations represent the most promising pathway for partial decarbonization of micro-turboprop UAV systems without compromising operational reliability, while octanol offers potential advantages in performance-driven scenarios where cost is less critical. The findings provide a valuable experimental and methodological foundation for future research, particularly in the development of adaptive control strategies and optimized hybrid architectures capable of leveraging the benefits of alternative fuels while mitigating their inherent limitations.
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Figure 1. Component architecture of the hybrid power-generation system [36]. 
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Figure 3. Experimental campaign configuration showing the micro-turboprop test bench, exhaust-gas sampling location, mobile air-quality laboratory and meteorological monitoring mast used for ambient pollutant-dispersion measurements. 
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Figure 4. Exhaust gas temperature comparison for alcohol–kerosene blends at equivalent alcohol volume fractions of 10% (a), 20% (b) and 30% (c). 
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Figure 5. CO content level for the tested alcohol–kerosene blends. 
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Figure 6. Nitrogen oxide content level comparison for ethanol- (a), butanol- (b) and octanol–kerosene (c) blends. 
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Figure 7. SO2 comparison for the tested alcohol–kerosene blends across the IDLE regime. 
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Figure 8. The approximation function of the experimental dataset. 
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Figure 9. Performance comparison between ethanol–kerosene blends and conventional kerosene [37]. 
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Figure 10. Final stage observations of combustion stability for the ethanol–kerosene blends. 
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Figure 11. Performance comparison between butanol–kerosene blends and conventional kerosene. 
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Figure 12. Performance comparison between octanol–kerosene blends and conventional kerosene. 
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Figure 13. Comparative performance of 10% alcohol–kerosene blends and conventional kerosene. 
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Figure 14. Comparative performance of 20% alcohol–kerosene blends and conventional kerosene. 
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Figure 15. Comparative performance of 30% alcohol–kerosene blends and conventional kerosene. 
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Figure 16. The pollutant emissions’ dispersion behavior for the E10 blend [40]. 
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Figure 17. The pollutant emissions’ dispersion behavior for the E20 blend [40]. 
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Figure 18. The pollutant emissions’ dispersion behavior for the E30 blend [40]. 
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Figure 19. The pollutant emissions’ dispersion behavior for butanol and octanol fuel blends. 
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Table 1. Physico-chemical properties of the ethanol–kerosene blends [17].






Table 1. Physico-chemical properties of the ethanol–kerosene blends [17].





	
Alcohol

Species

	
Sample Percentage [%]

	
Flashpoint [°C]

	
Viscosity [cSt]

	
Density [g/cm3]

	
LHV [MJ/kg]

	
Elemental Analysis [%]




	
Alcohol

	
Kerosene

	
C

	
H

	
N

	
O






	
Kerosene

	
0

	
100

	
42.30

	
1.39

	
0.82

	
45.29

	
85.17

	
13.31

	
0.07

	
1.45




	
Ethanol

	
100

	
0

	
13.00

	
1.20

	
0.79

	
29.45

	
52.09

	
13.02

	
0.00

	
34.73




	
10

	
90

	
23.70

	
1.37

	
0.81

	
43.71

	
81.86

	
13.28

	
0.06

	
4.78




	
20

	
80

	
23.60

	
1.35

	
0.81

	
42.12

	
78.55

	
13.25

	
0.06

	
11.43




	
30

	
70

	
23.30

	
1.33

	
0.81

	
40.54

	
75.25

	
13.11

	
0.05

	
11.43




	
Butanol

	
100

	
0

	
35.00

	
2.57

	
0.81

	
35.77

	
64.76

	
13.49

	
0.00

	
21.59




	
10

	
90

	
33.90

	
1.51

	
0.816

	
44.34

	
83.13

	
13.33

	
0.06

	
3.46




	
20

	
80

	
33.70

	
1.63

	
0.816

	
43.39

	
81.09

	
13.35

	
0.06

	
5.48




	
30

	
70

	
33.10

	
1.74

	
0.815

	
42.43

	
79.05

	
13.36

	
0.05

	
7.49




	
Octanol

	
100

	
0

	
81.10

	
8.82

	
0.826

	
38.00

	
76.17

	
14.37

	
0.00

	
9.46




	
10

	
90

	
46.20

	
1.73

	
0.795

	
42.07

	
84.21

	
13.55

	
0.06

	
2.18




	
20

	
80

	
50.00

	
2.01

	
0.797

	
41.63

	
83.31

	
13.66

	
0.06

	
2.98




	
30

	
70

	
54.00

	
2.38

	
0.801

	
41.19

	
82.41

	
13.76

	
0.05

	
3.78











 





Table 2. Main parameters of the experimental hybrid micro-turboprop test platform.
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Parameter

	
Value/Description






	
Engine type

	
KingTech micro-turboprop engine




	
Fuel type

	
Jet-A and alcohol–Jet-A blends




	
Electrical bus

	
48 V DC




	
UAV simulator system

	
Two electric ducted fans controlled by ESCs




	
Idle Regime R1

	
EDFs inactive




	
Load regime R2

	
Approx. 1000 W




	
Load Regime R3

	
Approx. 2000 W




	
Load Regime R4

	
Approx. 2500 W




	
Control strategy

	
Fuzzy-logic based algorithm




	
Measured test bench parameters

	
Voltage level




	
Electric current




	
Generator rotational speed




	
Micro-turbopropengine throttle level











 





Table 3. Tested alcohol–kerosene fuel blend ranking.
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	Rank
	Fuel Blend
	Weighted Score
	Interpretation





	1
	E10
	4.52
	Best overall balance (strong NOx reduction + stability + cost benefit)



	2
	O20
	4.14
	Best performance-efficiency compromise (high efficiency + acceptable emissions)



	3
	O10
	3.98
	Slight improvement over Jet-A, stable behavior



	4
	E20
	3.83
	Strong CO reduction but reduced operational stability



	5
	E30
	3.8
	Maximum CO reduction but unstable idle operation



	6
	B20
	3.12
	Stable operation but limited emissions benefit



	7
	B10
	3.1
	Minimal improvement over baseline



	8
	O30
	3.09
	Highest performance but penalized by cost + reduced stability



	9
	B30
	2.72
	Worst overall (poor efficiency + emissions + cost penalty)
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