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ABSTRACT: Unmanned aerial vehicles (UAVs) are increasingly used in applications such as agriculture, 
logistics, mapping, surveillance, and environmental monitoring. However, the limited battery endurance 
continues to restrict mission duration and operational range. This review examines two sustainable 
propulsion alternatives, hydrogen fuel cells and solar-powered systems, based on findings reported in the 
literature. Evidence from peer-reviewed studies, experimental demonstrations, and industrial reports 
published between 2009 and 2024 is considered. Key parameters, including endurance, payload capacity, 
and operational altitude, are compared, along with practical aspects such as hydrogen storage, thermal 
management, and energy control systems. The available data suggest that hydrogen fuel cell (HFC) drones 
are better suited for low to mid-altitude missions requiring higher payload and rapid refueling. Solar-
powered drones are more effective for long-endurance and high-altitude applications under favorable solar 
conditions. Future developments are expected to focus on hybrid propulsion systems, improved materials, 
and more efficient energy management strategies. 
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1. Introduction 

Unmanned aerial vehicles (UAVs), commonly known as drones, have become important tools in both 
civil and defense sectors. Their applications now range from agriculture and logistics to surveillance and 
environmental monitoring. Despite this rapid expansion, the endurance of UAVs remains a key limitation. 
Most battery-powered UAVs operate for less than one hour, which significantly restricts mission range and 
operational flexibility. To address this limitation, alternative propulsion systems are being explored. Among 
these, hydrogen fuel cells and solar-electric systems have attracted considerable attention due to their 
potential to extend flight duration without a substantial increase in system weight. Figure 1A and 1B show 
the basic operation of HFC and a schematic diagram of a proton exchange membrane (PEM) fuel cell, 
respectively. Figure 2 outlines the green powertrain options for UAVs, while Figure 3 illustrates the 
integration of an HFC system in a UAV. This paper reviews the progress made in these two technologies. 
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It examines their performance, challenges, and areas of application. The study also identifies future 
directions for improving UAV endurance through sustainable and efficient power systems. 

The rapid expansion of UAV applications has increased demand for propulsion systems capable of 
supporting longer, more reliable missions. Conventional battery technology, although widely used, remains 
limited by its relatively low energy density. As a result, researchers have increasingly explored alternative 
propulsion technologies that can extend endurance without significantly increasing platform weights. 
Hydrogen fuel cell systems and solar-powered propulsion have emerged as the two most promising 
solutions for addressing this problem. 

 

Figure 1. (A) Basic working of a HFC and (B) Schematic diagram of a HFC PEM (Proton Exchange Membrane). 

 

Figure 2. Classification flowchart of the green technologies in the UAV sector. 
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Figure 3. Functioning of a HFC in a UAV quadcopter. 

2. Hydrogen Fuel Cell UAVs 

In practical deployments, hydrogen fuel cell UAVs are increasingly considered in propulsion 
technology, offering the potential for longer flight durations and reduced environmental impact [1,2]. The 
increasing need for drones across industries, including agriculture, logistics, surveillance, and 
environmental monitoring, has led to the use of hydrogen fuel cells [3,4]. This integration has the potential 
to significantly enhance the capabilities and sustainability of these airborne platforms [5–7]. Proton 
Exchange Membrane (PEM) fuel cells utilize compressed hydrogen and are the most advanced 
technologically and commercially accessible lightweight fuel cell technologies for use in unmanned aerial 
vehicles [8,9]. 

Advantages 

1. HFC-powered drones offer longer flight durations compared to battery-powered UAVs, reforming 
tasks like surveillance without frequent recharging [10,11]. 

2. Rapid refueling, like filling a petrol tank, reduces downtime between missions, enabling seamless and 
uninterrupted operations [12,13]. 

3. As hydrogen fuel cells emit only water vapor and heat, they drastically reduce carbon footprints, 
offering an eco-friendly alternative for UAV flights [14–16]. 

4. HFC systems easily integrate into various drone sizes and designs. Many of the systems are highly 
adaptable. Also, research is ongoing to enhance efficiency, reliability, and energy density for lighter, 
more efficient drone systems [17,18]. 

3. Solar-Powered UAVs 

In recent years, solar-powered drones have emerged as a viable alternative. Solar technology is 
leveraging renewable energy to propel drones toward extended flights, increased efficiency, and reduced 
environmental impact [19]. The solar power harnesses the sun’s energy, offering a sustainable solution that 
holds immense promise across various industries. The applications include agriculture, surveillance, 
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environmental research, and telecommunications [20,21]. To enhance the efficiency of solar cells plates, 
research is already going on for ethylene vinyl acetate (EVA) encapsulant at a pace [22]. 

Advantages 

1. Solar-powered drones harness solar energy through integrated photovoltaic cells, extending flight time 
by combining solar power with onboard energy storage [23]. 

2. These drones operate with minimal to zero greenhouse gas emissions, aligning with global initiatives 
to reduce reliance on non-renewable resources and combat climate change [24]. 

3. They adapt to various conditions and terrains, providing access to remote locations for environmental 
monitoring, disaster relief, and agricultural surveys requiring continuous aerial coverage. 

4. While setup costs are higher, they offer long-term savings by reducing fuel reliance, maintenance, and 
operational costs. Ongoing research focuses on improving solar cell efficiency and energy storage, and 
on addressing regulatory limitations to enhance their performance and reliability. 

In the background of the hydrogen economy, researchers like [25–27] have presented the potential 
future of hydrogen using existing statistics and difficulties in the economy. Numerous academic and 
industrial organizations of several governments of the world have also seized a keen interest in these 
technologies. Ref. [28] have implemented and analyzed the suitability of fuel cells in a quadcopter. 
Moreover, Ref. [29] talks about the potential of solar-powered UAV to outperform a battery only operated 
UAV, especially when the task is being a pseudo satellite, which entails long operational hours. Ref. [12,30] 
have conceptualized initial designs of a solar-powered UAV and have drawn positive conclusions. Ref. [31] 
has characterized the UAVs into two categories, pure fuel cell systems and hybrid systems grounded on 
their propulsion system. 

Many numerical and experimental pieces of analysis have been performed to investigate the possibility 
of using the PEMFC in drones. Ref. [32] have examined fuel cell operating conditions at different flight 
altitudes by altering the pressure and utilizing unalike compressor pressure ratios by using simulations and 
real-world tests. They presented that by flying in high altitudes, due to declining pressure, the power 
generation of the system tends to be condensed. Ref. [33] Worked on the theoretical concept of combining 
fuel cells to the aircraft propulsion systems and determined that there is a relationship between the humidity 
administration of the fuel cells’ membrane and their efficiency. They recommended eliminating external 
humidification for simpler performance and a decrease in weight. Ref. [34] performed multiple 
investigational experiments for defining the effect of temperature and relative humidity on the performance 
of PEMFCs [35]. 

Also, Ref. [36] talks about the possibility of continuous self-sustained flight for potential applications 
of the solar UAV technology for purposes such as information relay, surveillance, and monitoring. The use 
of solar power as an energy resource for UAV, allows small scale UAVs to carry weightier, more prevailing 
sensor payloads, as mentioned by [20,37]. Drone applications could become much broader if its flight 
endurance can be prolonged, solar-powered UAV promises notable prolongation in flight endurance [38]. 
Powered by renewable solar energy, solar-powered unmanned aerial vehicles designed for high-altitude, 
long-endurance (HALE) missions can sustain flight at approximately 70,000 feet for extended periods, 
ranging from several months to years. These UAVs effectively serve as pseudo-satellites in the stratosphere 
[39,40]. Solar-powered unmanned aerial vehicles (UAVs) represent a significant advancement in aerial 
technology, offering a blend of sustainability and endurance. The use of solar power in UAVs, as 
highlighted by [41], addresses growing concerns about environmental sustainability in aviation technology. 
These UAVs, especially in high-altitude long-endurance (HALE) missions, can operate at altitudes akin to 
satellites, as discussed by [17,42,43]. This capability allows for prolonged missions without the need for 
recurrent refueling, significantly plummeting operational costs and environmental impact. Moreover, the 
research by [44,45] emphasizes the versatility of solar-powered UAVs in various applications, from 
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environmental monitoring to telecommunications. This versatility, coupled with their eco-friendly nature, 
positions solar-powered UAVs as a really capable technology for future novelties in aerial surveillance and 
research [19]. 

Moreover, a paper describes the development and testing of a fully operational small-scale 
demonstrator to generate and supply hydrogen for 2 to 3 daily fuel cell-powered UAV operations [41,46,47]. 
The designed system incorporates concentrated photovoltaic arrays (CPV), hydrogen storage, and 
compression units to ensure efficient UAV refueling. It also accounts for varying demands throughout the 
year in which it touches upon the initiation of off-grid testing to evaluate the working aspects of the 
refueling system powered exclusively just from the solar sources. In another manuscript, which is 
employing a standard aircraft design approaches and computational simulations, a blended wing body UAV 
with a 25 kg maximum take-off weight and 4 m wingspan was developed [48]. To design a more efficient 
system, they conducted a comprehensive study. They are exploring a combined system that integrates both 
a solid oxide fuel cell (SOFC) and a gas turbine, utilizing liquefied hydrogen as its fuel source. Their 
findings reveal noteworthy improvements in system efficiency and weight when transitioning from a single-
cell stack design to a modular configuration with multiple discrete stacks. Moreover, this approach involves 
parallel fuel distribution and a series-based air supply. By implementing this technology, it is projected that 
a UAV carrying roughly 780 kg of liquefied hydrogen could eventually extend its mission duration to last 
up to one week [12,15]. 

4. Materials and Methods 

In the literature research, we have utilized respected scientific journals and high-quality databases, 
ensuring reliable and credible findings [24]. The literature survey was conducted using Scopus, Web of 
Science, IEEE Xplore, and ScienceDirect databases. Search terms included “hydrogen fuel cell UAV”, 
“fuel cell drone”, “solar-powered UAV”, “HALE UAV”, and related keywords associated with sustainable 
UAV propulsion technologies. Publications and technological developments from 2009 to 2024 were 
reviewed. Publications reporting endurance, payload capacity, operational altitude, propulsion system 
characteristics, or practical deployment aspects were considered for inclusion in the review. The data have 
been extracted, and the most imperative parameters were used to draw the conclusion [49]. Where peer-
reviewed performance data were unavailable, selected specifications from established UAV manufacturers 
were included to provide representative examples of current technological capabilities. The data analysis 
has been carried out using different tabular charts [44,50]. The specific parameters compared for the HFC 
drones were aircraft name, country of origin, maximum payload, HFC Specification, wingspan, MTOW, 
flight time, maximum flight altitude, and the maximum speed. The specific parameters compared for the 
solar powered drones were the aircraft name, country of origin, maximum payload, wingspan, MTOW, 
maximum speed, PV specification, maximum flight time and the range [51]. The specific parameters 
compared for the normal drones were the aircraft name, country of origin, maximum payload, MTOW, 
maximum speed, maximum flight time, maximum altitude, and range. 

Figure 4 illustrates the keyword co-occurrence network generated from the reviewed literature. The 
clustering indicates strong research links between hydrogen fuel cells, energy management, battery systems, 
solar energy utilization, and UAV endurance optimization. The figure highlights the multidisciplinary nature 
of sustainable UAV propulsion research. The largest clusters are centered around hydrogen, fuel cells, energy 
management, and battery systems, indicating their dominant role in current UAV propulsion research. 
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Figure 4. VOS diagram, indicating the keyword clusters and their interconnections. 

5. Results 

The literature survey for this review was conducted using major scientific databases, including Scopus, 
Web of Science, IEEE Xplore, and ScienceDirect. Relevant studies related to hydrogen fuel cell UAVs, 
solar-powered UAVs, and alternative UAV propulsion technologies were identified using keywords such 
as hydrogen fuel cell UAV, solar-powered UAV, HALE UAV, and UAV propulsion systems. Publications 
between 2009 and 2024, and the commercially available options, were examined to capture both early 
developments and recent technological advancements in sustainable UAV propulsion. 

The data summarized in Table 1 indicate that hydrogen fuel cell propulsion systems can significantly 
extend UAV flight endurance compared with conventional battery-powered platforms. Several of the 
reported systems achieve flight durations ranging from two to ten hours, depending on aircraft configuration 
and hydrogen storage capacity. The improved endurance is primarily attributed to the high energy density 
of hydrogen fuel. However, the integration of pressurized hydrogen tanks and fuel cell systems introduces 
additional structural and system complexity, which must be carefully considered during drone design. 

The solar-powered UAV platforms listed in Table 2 demonstrate extremely long endurance capabilities 
compared with conventional UAV systems. These aircraft rely on photovoltaic panels integrated into the 
wings or airframe structure to harvest solar energy during flight. As a result, several high-altitude long-
endurance platforms are capable of remaining airborne for multiple days under favourable environmental 
conditions. However, these systems generally require large wingspans in order to maximize solar energy 
collection, which limits their payload capacity and operational flexibility.
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Table 1. Comparison between different HFC powered UAV and their specifications. 

SR. 
NO. 

Aircraft Country 
Maximum 

Payload 
HFC Specification Wingspan MTOW Flight Time 

Maximum Flight 
Altitude 

Maximum Speed 

 Hyun An et al. Korea 1.25 kg 2 kW fuel cell 3.5 m  25 kg 6 h 1000 m 126 km/h 
 [48]  Sweden N.A. 650 W fuel cell 4 m 25 kg 2 h 500 m 72 km/h 
 [52] The Netherlands N.A. 800 W fuel cell 2.24 m 8 kg N.A. N.A. 61.2 km/h 

1. [53] US N.A. 
500 W 

PEM fuel cell 
6.5 m 16.4 kg 52 min  35 m 70.2 km/h 

2. [54] Spain 2 kg 
500 W 

PEM fuel cell 
4.7 m 11 kg 2 h and 17 min 200 m 61.2 km/h 

 
Özbek et al. 

[55]  
Turkey 0.5 kg 

250 W 
PEM fuel cell 

3 m 6.5 kg 5 h 1000 m 57.6 km/h 

1. 
Intelligent Energy 

[4] 
UK 0.5 kg 650 W Fuel Cell VTOL 4 kg 1 h 3000 m 50 km/h 

2. 
MMC Micro Multi Copter 
Aero Technology Co., Ltd. 

Skypatrol 2700 VTOL 
China 10 kg H1 fuel cell 3.75 m 22 kg up to 7 h 5000 m 110 km/h 

3. 
MMC Micro Multi Copter 
Aero Technology Co., Ltd. 

HyDrone 1550 
China 5 kg H1 fuel cell VTOL 22 kg 150 min 2500 m 36 km/h 

4. 

H3 Dynamics 
HYWINGS hydrogen fuel 

cell UAV 
[56] 

Singapore 2 kg+ HES H2 FC system 3.5 m 7 kg up to 10 h 200 m 70 km/h 

5. 
H3 Dynamics 

HYCOPTER UAV 
[56] 

Singapore 1 kg+ HES fuel cell VTOL 5.2 kg up to 4 h 500 m 56 km/h 

6. 
Sparkle Tech Ltd. 
Eagle Plus VTOL 

[57] 
Hong Kong 10 kg Hydrogen storage 3.5 m 21 kg 5 h 500 m 115 km/h 

7. 

FlightWave Aerospace 
Systems Inc 

JUPITER-H2 UAS 
[58] 

US 1 kg+ H2 fuel cell VTOL N.A. 2 h 200 m 100 km/h 
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8. 
NRL’s Ion Tiger Fuel Cell 

Powered UAV 
[36] 

US 2.5 kg H2 fuel cell 5.2 m 16.78 kg 48 h 500 m N.A. 

9. 
AeroVironment 

PUMA 
[26] 

US 1 kg H1 fuel cell 2.8 m 5.9 kg 9 h 150 m 83 km/h 

10. 
Insitu 

Scan Eagle 
US 5 kg+ H1 fuel cell 3.11 m 22 kg 9 h 6000 m 140 km/h 

Abbreviations: HES = Hybrid Energy System; MTOW = Maximum Take-Off Weight; N.A. = Not available; PEM = Proton Exchange Membrane; UAV = Unmanned Aerial Vehicle; VTOL = 
Vertical Take-Off and Landing. 

Table 2. Comparison between different solar powered UAV and their specifications. 

SR. 
NO. 

Aircraft Country Payload Wingspan MTOW 
Maximum 

Speed 
PV Maximum Flight Time Range 

1. 
Boeing Phantom Works 

Solar Eagle 
US 5 kg 120 m 60 kg N.A. 5 kW 30 days N.A. 

2. 
Google (Titan Aerospace) 

Solara 50 
US 10 kg 60 m 22 kg 100 km/h 7 kW 5 years 

4.54 million 
km 

3. 
Lockheed Martin  

Hale-D 
US 36 kg N.A. 1724 kg 48 km/h 15 kW N.A. 965 km 

4. 
Airbus (QinetiQ) 

Zephyr 8/S 
US 5 kg 25 m 60 kg 55 km/h Amorphous silicon 26 days 56,000 km 

5. 
Bye Engineering 

Silent Falcon UAV 
US 1.3 kg 4.27 m 13.5 kg 112 km/h 

Ascent Solar Thin Film 
Photovoltaic 

N.A. 100 km 

6. Atlantik Solar Switzerland 0.8 kg 5.6 m 6.3 kg 30 km/h 1.4 m2 81 h 5000 km 

Abbreviations: MTOW = Maximum Take-Off Weight; N.A. = Not available; UAV = Unmanned Aerial Vehicle.
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In contrast to HFC and solar-powered systems, conventional Li-Po battery UAVs typically exhibit 
much shorter flight endurance. Most commercially available platforms operate between 20 and 60 min, 
depending on payload and mission profile. While these systems offer simplicity and lower system cost, 
their limited endurance restricts their usefulness for long-duration missions. This limitation has motivated 
the continued development of alternative propulsion technologies capable of improving UAV endurance. 

To further illustrate the differences between propulsion technologies, a graphical analysis was 
performed using the compiled drone performance data. These visualizations highlight variations in 
parameters such as endurance, payload capacity, and operational altitude across different drone platforms. 
The graphical comparison helps identify general performance trends among conventional battery-powered 
drones, hydrogen fuel cell UAVs, and solar-powered systems. The following graphs depict the differences 
in various parameters for Li-Po Powered, Solar, and Hydrogen Fuel Powered drones as visible in Figures 
5 and 6. 

 

Figure 5. Box Whisker Plot. 
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Figure 6. Performance characteristics of different UAV propulsion systems: (A) Conventional drones; (B) Hydrogen fuel cell-
powered drones; (C) Solar-powered UAVs. 

6. Discussion 

UAVs provide versatility but remain constrained by limited endurance. HFC technology extends 
endurance substantially. For example, platforms such as the DJ25 achieve flight durations of up to 330 min 
(5.5 h) and payloads of 4 kg, outperforming conventional lithium-battery UAVs by a large margin. In 
parallel, Solar-powered systems like Airbus Zephyr have sustained flight for more than 26 days at altitudes 
of 18–23 km. Tables 1–3 compare UAV specifications across hydrogen, solar, and conventional battery-
powered UAVs, demonstrating clear endurance and altitude benefits for these green technologies. Figures 
5 and 6 further visualize trends in payload, altitude, and flight duration across different platforms. While 
hydrogen UAVs excel in rapid deployment and mid-altitude missions, solar UAVs dominate in persistent 
and stratospheric roles. Although dependent on the sunlight availability, solar-powered UAVs demonstrate 
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potential for very long missions where endurance (flight time) is prioritized over payload capacity. Together, 
these technologies highlight a transition from short-duration operations to sustainable long-endurance and 
higher altitude missions. 

Table 3. Comparison between different normal UAV drones and their specifications. 

Sr. 
No. 

Aircraft Country Payload MTOW 
Maximum 

Speed 
Maximum 

Flight Time 
Maximum 
Altitude 

Range 

1. 
DRDO 

Rustom-1 
[59] 

India 95 kg 720 kg 150 km/h 10 h 6100 m 200 km 

2. 
DRDO 
Nishant 

India 45 kg 380 kg 216 km/h 4 h 30 min 4000 m 100 km 

3. 
DRDO 

Imperial Eagle 
India 0.25 kg 2.9 kg 90 km/h 60 min 4600 m 15 km 

4. Dhaksha Unmanned DH Q4 India 0.5 kg 5.14 kg 55 km/h 40 min 122 m 5 km 

5. 
Skyhawk Aerospace 

Pushpak 
India 1.5 kg 5.8 kg 30 km/h 20 min 5700 m 5 km 

6. 
IoTechworld Avigation 

Agribot 
India 12 kg 23.2 kg 112 km/h 25 min 12 m 3 km 

7. 
UAVE 

Prion Mk3 
UK 15 kg 42.88 kg 30 km/h 2 h 3688 m 1000 km 

8. 
Hubblefly Technologies 

StarEdge 
India 1 kg 4.25 kg 25 km/h 45 min 3000 m 3 km 

9. DJI Matrice 100 China 0.6 kg 3.4 kg 79 km/h 40 min 4000 m 5 km 
10. DJI Phantom 4 Pro China 0.35 kg 1.5 kg 72 km/h 30 min 5000 m 10 km 

11. 
Parrot  

Anafi AI 
France 0.2 kg 0.9 kg 60 km/h 32 min 5000 m 6 km 

Abbreviations: MTOW = Maximum Take-Off Weight. 

The observed differences between propulsion technologies are largely influenced by the energy density 
of the power source and the structural characteristics of the UAV platform. Hydrogen fuel cells provide 
higher energy density compared with batteries, enabling longer endurance for medium-scale drone 
platforms. Solar-powered UAVs, on the other hand, depend strongly on wing surface area and solar 
irradiance, which explains why most solar UAV designs feature large wingspans and operate at high 
altitudes. From the reviewed studies, it appears that endurance improvements are strongly linked to energy 
density rather than platform size alone. 

A direct comparison between a hydrogen fuel cell and solar-powered propulsion reveals that both 
technologies address different operational requirements. Hydrogen fuel cell UAVs provide higher payload 
capability and relatively stable performance across varying weather conditions, making them suitable for 
low- to mid-altitude missions such as inspection, logistics, and emergency response. In contrast, solar-
powered UAVs are optimized for extremely long-endurance operations at high altitudes, where continuous 
solar irradiance allows sustained flight for extended durations. Consequently, hydrogen fuel cell systems 
are more appropriate for tactical and medium-duration missions, while solar-powered UAVs are better 
suited for persistent monitoring and pseudo-satellite applications. The complementary characteristics of 
these propulsion systems indicate that both technologies will play important roles in the future development 
of sustainable drone platforms. The UAV platforms reviewed in this study differ considerably in size, 
configuration, and intended application. The analyzed systems include small multirotor drones, fixed-wing 
UAVs, and high-altitude long-endurance platforms that are designed for different operational requirements. 
Therefore, the comparisons presented in this review should be interpreted as indicators of general 
propulsion trends and capabilities rather than direct performance rankings among all UAV categories. 
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The suitability of each propulsion technology depends strongly on the mission profile. Hydrogen fuel 
cell systems are particularly attractive for inspection, surveillance, mapping, logistics, and emergency 
response applications where higher payload capacity and rapid refueling are important. Solar-powered 
UAVs are better suited for long-endurance applications such as environmental monitoring, communication 
relay, and high-altitude observation, where flight duration is prioritized over payload capacity. As a result, 
the selection of a propulsion system should be guided by operational requirements rather than endurance 
alone. Recent advances in lithium-ion batteries, lithium-sulfur batteries, and emerging solid-state battery 
technologies have improved the endurance of conventional UAVs. These developments offer the advantage 
of compatibility with existing drone architectures and charging infrastructure. However, despite these 
improvements, hydrogen fuel cells and solar-powered systems continue to provide advantages for missions 
requiring substantially longer flight durations. 

Despite the advantages discussed, both hydrogen fuel cells and solar-powered UAV systems face 
practical limitations. Hydrogen storage introduces safety and infrastructure challenges, while solar-powered 
systems are highly dependent on environmental conditions such as sunlight availability and weather 
variability. These constraints must be addressed for wider commercial adoption. A closer examination of the 
data suggests that the observed performance differences are not only due to propulsion technology but also 
influenced by platform design, including wing geometry, structural weight, and mission profile. 

7. Conclusions 

These drone propulsion systems are gradually shifting toward more sustainable and high-endurance 
solutions. HFC UAVs offer practical low to mid altitude endurance with fast refueling, making them ideal 
for inspection missions, deliveries, and emergency response missions. Solar-powered UAVs, by distinction, 
provide much higher endurance at stratospheric (very high) altitudes. Solar-powered UAVs are particularly 
suitable for communication relay missions. Future innovations are expected to integrate lightweight 
composite hydrogen tanks, hybrid solar–fuel cell systems, and next-generation photovoltaic and battery 
technologies. These developments promise UAV platforms that are cleaner, longer-flying, and more 
capable, strengthening their role in both civil and defense applications. Further innovations can pave the 
way for future hybrid systems that combine the strengths of both hydrogen and solar power. The findings 
indicate that no single propulsion technology is universally optimal, and the selection of a suitable system 
depends strongly on mission requirements, payload demands, and operational environment. Instead, the 
most suitable propulsion architecture depends on the intended mission, operating environment, and 
endurance requirements. 

Future research in UAV propulsion is expected to focus on improving hydrogen storage technologies, 
lightweight composite structures, and high-efficiency photovoltaic materials. In addition, hybrid propulsion 
architectures combining solar energy, fuel cells, and advanced battery systems may offer improved 
endurance and operational flexibility. In practice, the choice between these systems depends strongly on 
mission requirements rather than a single performance metric. Continued advancements in energy 
management and system integration will play an important role in enabling next-generation long-endurance 
UAV platforms. 
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