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Highlights

1. The fuel cell turboelectric power system is proposed for electric aircraft.
2. The proposed power system is more efficient for the cruise range larger than 300 km
3. The integration between fuel cell and combustor is demonstrated.
4. Outlet temperature of fuel cell combustor can reach 1200 ℃
5. A solid oxide fuel cell with a power density of 1.2W/g is manufactured.

Abstract

Electric aircraft will usher in a new era of low-altitude transportation and mark a third personalized transportation revolution. The power systems 
of electric aircraft must deliver ample power during takeoff and landing, operate at high efficiency during cruise, and exhibit high power density. 
Meeting all of these requirements is challenging for current power systems. We propose integrating fuel cells into the combustor of a conventional 
gas turbine to form a new fuel cell turboelectric power system for future electric aircraft. Its performance is compared with that of four other 
powertrains in a typical electric aircraft flight scenario through thermodynamic analysis. We demonstrate that the full Li-ion battery configuration 
remains suitable for short-range applications. In contrast, the fuel cell turboelectric power system is more efficient for medium- to high-range 
cruise requirements above 300 km. For a maximum cruising range of 500 km, the total equivalent hydrogen consumption of the fuel cell 
turboelectric power system is only 6.4 kg, approximately 50% of that of powertrains using conventional turbogenerators and batteries. Preliminary 
experiments are also conducted to validate the feasibility of developing a fuel cell turboelectric power system. The results demonstrate that a 
proton exchange membrane fuel cell can operate steadily with a flame combustor or a catalytic combustor. The outlet temperature of the fuel cell 
combustor can reach 1200 °C and is easily controlled by adjusting the gas flow rate to meet specific requirements. The power density of the 
manufactured finned tubular solid oxide fuel cell can also reach 1.2 W·g−1, thus meeting the requirements of future fuel cell turboelectric power 
systems. This study provides a technical and systematic foundation for the development of fuel cell turboelectric power systems.

Keywords

Fuel cell turboelectric power system, Electric aircraft, Aircars, Fuel cell, Combustion

mailto:yjzhang@tsinghua.edu.cn


1. Introduction

The invention of new power devices or transportation tools contributed significantly to the energy revolution. Steam trains 
and steam ships were invented during the first energy revolution, powered by coal-fired steam engines [1], whereas 
automobiles were invented during the second energy revolution, powered by internal combustion engines fueled by gasoline 
or diesel [2]. Electric aircraft powered by electricity or hydrogen are expected to prevail in future transportation, potentially 
initiating the third energy revolution. These electric aircraft mainly include electric vertical takeoff and landing (eVTOL) 
aircraft, also called aircars, which could be a widely accessible form of air transportation as commonplace as automobiles 
[3,4]. The demand for electrical power is expected to increase substantially as the electrification of the transportation sector 
advances. Improving the thermal efficiency and power density of the power systems for electric aircraft could effectively 
increase their flight range.

In general, a typical trip of an electric aircraft consists of five distinct phases: takeoff, climb, cruise, descent, and landing 
[5]. The power required for each phase varies significantly [6]. The instantaneous power needed for vertical takeoff is the 
greatest. More aerodynamic lift should be generated to overcome the air resistance and the weight of the electrical aircraft. 
The power demand during the cruise phase is the lowest, as vertical acceleration is no longer required. The power system for 
an aircraft should be well-adapted to the varying power demands at different phases of flight. To meet this requirement, the 
power system must deliver high power during take-off and landing and operate efficiently during cruise. A high power density 
is also required for a high payload [7].

The conventional power sources for aircraft are gas turbine engines [8,9], such as the widely used turboprop, turboshaft, 
and turbofan engines [10], which can continuously convert the thermal energy released during combustion into shaft work or 
thrust. The development of mobile power generation engines for electric aircraft requires careful consideration of integrating 
electronic components, such as electric motors and fuel cells, into the gas turbine system, thereby forming a turboelectric 
power system with high thermal efficiency and power density. The power is delivered as electricity via an electric motor 
rather than as mechanical shaft power via a turbine. The turboelectric power system is an electrified version of the 
conventional gas turbine engine.

Improving the motor’s power density is crucial for the development of a turboelectric power system or turbogenerator [11]. 
The power densities of current motors cannot meet the goals of National Aeronautics and Space Administration (NASA)’s 
Advanced Air Transportation Technology Project [12]. The measured rated power of the current motors is lower than that of 
the electromagnetic design because dissipating the heat generated within the motor is difficult, leading to a significant 
temperature rise and potential structural failure. In previous studies, housing cooling [13], improved stator core cooling [14], 
improved winding cooling [15], and improved rotor cooling [16] were proposed to achieve proper thermal management of 
the motor and improve power density. Our group examined the effect of integrating heat pipes into the guide vane to transfer 
heat from the motor to the impeller’s primary airflow, thereby increasing the motor power density to 4.8 kW·kg−1 under rated 
conditions [17]. The system’s power density could therefore be substantially improved.

Improving the overall thermal efficiency of the power system is also very important and can be achieved by integrating 
fuel cell stacks into the gas turbine engine, as fuel cells can directly convert chemical energy into electricity with high 
efficiency [18,19]. There are two main types of fuel cells: proton-exchange membrane fuel cells (PEMFCs) and solid oxide 
fuel cells (SOFCs). PEMFCs initiate electrochemical reactions through a membrane-electrode assembly, where a Pt catalyst 
is used to lower the activation energy [18]. In contrast, SOFCs initiate an electrochemical reaction at a high operating 
temperature [20]. Most previous studies have focused on examining the effect of integrating SOFC stacks into gas turbine 
systems, as the operating temperature of an SOFC stack is approximately 800 °C, which is more compatible with the high 
working temperature of gas turbine engines than that of a PEMFC stack [21,22]. Fuel flexibility also enables SOFC stacks to 
operate with reformed hydrocarbons. However, because the development of current SOFC stacks has focused mainly on 
stationary power generation, their power density still needs further improvement for mobile power systems.

Conducting experimental studies on gas turbine engines integrated with SOFC stacks is also challenging [23,24]. Therefore, 
in most studies, primarily thermodynamic analyses of hybrid SOFC-gas turbine systems have been conducted. The overall 
thermal efficiencies, weights, and volumes of various hybrid systems have been calculated and evaluated [25,26]. In a previous 
study, a thermodynamic model was constructed to analyze the performance of turbojet and turbofan engines integrated with 
SOFC stacks and catalytic partial oxidation (CPOx) reactors. JP-5 was used as fuel, which was reformed to generate hydrogen 
and carbon monoxide. The thermal efficiency of the hybrid turbofan system increased by 8% because of the integration of 
SOFC stacks. The results of another related study also supported this finding [27]. Models were developed to assess the 
performance of a hybrid propulsion and power system incorporating fuel cells, with a focus on system efficiency and weight. 
A proper match among key components was emphasized to improve flight range. Variations in conditions can induce rapid 
changes in temperature distributions, potentially disrupting the system’s thermal balance. Thus, precise regulation of working 
conditions is required for stabilization [28]. In one study, control strategies for SOFC-gas turbine systems were proposed to 
ensure robust operation across a wide range of dynamic thermal conditions [29]. NASA proposed designs of a 120 kW solid 
oxide fuel cell and gas turbine hybrid power system (SOFC-GT) for X-57 electric flight [30,31]. Their first design could 
achieve a fuel-to-electrical efficiency of 62% and a gravimetric power density greater than 0.3 kW·kg−1. However, this 
compact design requires the steady operation of the recycle blower at temperatures exceeding 900 °C, which is challenging 
for system development. The second design is not as compact as the first, but it could still achieve an efficiency of 55% and 
a power density of 0.281 kW·kg−1. NASA emphasized the importance of experimentally investigating the effect of integrating 
the fuel cell with the combustor [31]. They also reported that the most critical component of this system is its high-power-
density fuel cell stack [23,32].



Unlike the traditional SOFC-GT system, which focuses primarily on improving the overall efficiency of the power system, 
a suitable power system for electric aircraft must be capable of delivering high power density during take-off and landing and 
high efficiency during cruise. Appropriate power systems for future electric aircraft have been considered in very few studies. 
Moreover, most studies have only conducted thermodynamic analyses for different fuel cell gas turbine power systems. 
Parameter selection and component integration need further experimental investigation and validation. Only experiments can 
reveal the real challenges and validate the feasibility of developing such complicated power systems for future electrical 
aircraft.

In this article, we propose a new fuel cell turboelectric power system for future electric aircraft. Traditional SOFC-GT 
systems use primarily fuel cell stacks to deliver most of the power with high efficiency. Gas turbines are used for heat 
recovery, whereas we mainly modify the combustor in a conventional gas turbine system by incorporating fuel cell stacks. 
The power from the turbogenerator is approximately twice that of the fuel cell. This system differs from conventional SOFC-
GT systems, whose main power is from SOFC stacks, which are generally connected with the gas turbine system in series 
[33]. We also tested the performance of integrating a PEMFC into a gas turbine system. This modification is based on the 
original high-power-density gas turbine power system and enables it to meet the high-efficiency, high-power-density 
requirements of electric aircraft. It is designed to deliver high power during takeoff and landing and to achieve high efficiency 
during the cruise phase. In our system, the fuel cell stacks can be connected to the gas turbine system either in series or in 
parallel.

In Section 2, the concept of the proposed power system is introduced. The performance of a typical flight profile for an 
electric aircraft is evaluated and compared with that of other conventional power systems. The challenges associated with 
developing a fuel cell turboelectric power system are also presented and discussed. In Section 3, experiments are presented 
to demonstrate the feasibility of power systems. In detail, the feasibility of integrating PEMFC stacks with combustors and 
manufacturing high-power-density tubular SOFCs is experimentally examined.

2. Fuel cell turboelectric power system

2.1 Schematic illustration of the proposed power system

The requirements for power systems in electric aircraft are greater than those for traditional cars and aircraft. High power 
output during take-off and landing, high efficiency during cruise, and high power density are all needed to achieve a practical 
flight range with a meaningful payload. A fuel cell turboelectric power system is proposed to meet the varying power demand 
of electric aircraft, as illustrated in Fig. 1. It can be regarded as a modification of the combustor for a conventional gas turbine 
system.

Fig. 1. Schematic illustration of the fuel cell turboelectric power system.

The fuel cell turboelectric power system is a hybrid system comprising an embedded cooling motor, a fuel cell combustor, 
and a gas turbine. During the take-off/landing phases, the gas turbine combustor is fully operational, and power is provided 
by the gas turbine system. During the cruise phase, the gas turbine combustor is deactivated, and the fuel cell is the primary 
power source for the electric aircraft. Under the rated condition, the power output from the gas turbine is approximately twice 
that from the fuel cells.

An embedded cooling motor is designed to increase the system power density [17]. The heat pipe is integrated into the 
motor guide vane to transfer heat generated inside the motor directly to the impeller’s primary airflow. An increase in heat 
dissipation capacity could enable the motor to output more power, thereby improving its power density. The power density 



of the embedded cooling motor under rated conditions can exceed 5 kW·kg−1, which is highly beneficial for system 
development.

A fuel cell combustor is also proposed to improve the power system’s thermal efficiency. A fuel cell is integrated into the 
combustor, as illustrated in Fig. 1. The fuel cell directly converts fuel energy into electricity with high efficiency. In contrast, 
the combustor can be used to increase the turbine inlet gas temperature. The fuel cell stacks used in the fuel cell combustor 
can be either PEMFC or SOFC stacks. Combining a fuel cell with a combustor is challenging, in part due to the mismatch 
between their required airflow rates and operating temperatures, especially for the PEMFC stack, which operates at only 
60–80 °C. Generally, the airflow rate and operating temperature for fuel cell stacks are lower than those for the combustion 
chamber of a gas turbine.

To address these challenges, we develop a fuel cell combustor in two steps. The first step is to create a fuel cell combustor 
based on the PEMFC stack, as research and development on PEMFCs are more mature than on SOFCs. The feasibility of 
combining the fuel cell and combustor is first validated using the PEMFC stack. To increase system efficiency, fuel flexibility, 
and temperature compatibility of the fuel cell turboelectric power system, an SOFC stack is selected for the second stage of 
development. Various hydrocarbon fuels, such as kerosene, diesel, and gasoline, can be reformed into hydrogen and carbon 
monoxide for use in electrochemical reactions. This approach can circumvent the problems of hydrogen storage and 
transportation. However, the power density of the current SOFC stack is too low to meet power system requirements [31]. 
Increasing the power density of the SOFC stack before it is used to power electric aircraft is crucial. Preliminary experimental 
tests must be performed to validate the feasibility of achieving sufficient power density.

2.2 Comparisons among different power systems

In this study, the performance of power systems for typical electric aircraft is investigated, with a focus on eVTOLs. A 
representative trip of an eVTOL is illustrated in Fig. 2, which can be divided preliminarily into three phases: takeoff, cruising, 
and landing [34]. The takeoff phase consists of vertical ascent at a velocity of 20 km·h−1 until a cruising altitude of 1 km 
(~3280 ft (1 ft = 0.3048 m)) is reached. After that, the cruising phase involves horizontal travel at 250 km·h−1, and the 
maximum cruising range is set as a variable. The travel speed, cruising altitude, and maximum cruising range are all carefully 
selected following early studies [35–37]. Finally, the vertical descent in the landing phase is similar to that in the take-off 
phase. The eVTOL was designed with a loaded airframe weight of 600 kg, which includes the airframe, passengers, and 
additional cargo. It features a lift-to-drag ratio of 10 during cruising.

Fig. 2. Typical flight profile of an eVTOL.

The power requirements for each flight phase are based on the eVTOL’s maximum take-off weight (MTOW). Moreover, 
the MTOW depends on the selected eVTOL powertrain configurations and the prescribed maximum cruising range. Range 
dependency is particularly important, as increasing range requirements imply greater fuel or battery weight required for the 
eVTOL. This increase has a cascading effect: the overall MTOW and the power and energy demand during cruising increase, 
which in turn further increases the weight requirements. This recursive relationship is considered when determining the 
MTOW of each powertrain system across a range of maximum cruising ranges from 100 to 500 km.

Schematic illustrations of the six different proposed powertrain configurations, which are the full Li-ion battery, the Li-ion 
battery and turbogenerator power system, the PEMFC and Li-ion battery power system, the SOFC and Li-ion battery power 
system, and the proposed fuel cell turboelectric power system with either the PEMFC or the SOFC combustor, are shown in 
Fig. 3. For the preliminary performance evaluation of the proposed eVTOL powertrains, the efficiencies and energy or power 
densities of the various powertrain components, along with the total efficiency of each power system, are listed in Table 1 
[23,38–43]. Notably, the efficiencies and power densities of the turbogenerator and SOFC for the fuel cell turboelectric power 
system are based on the data collected in our early tests. The system efficiencies account for losses in the eVTOL’s electric 
motor and transmission systems, both set to 0.92. The consumption of H2 is determined by its lower heating value (LHV) of 
120 MJ·kg−1.

In addition, a portion of the MTOW accounts for the fuel/electrical energy required to be carried onboard the eVTOL. For 
electricity, this portion depends on the battery energy density, with current commercial electric vehicle (EV) packs having 
densities between 0.15 and 0.25 kW·h·kg−1 [38]. In contrast, for hydrogen, both the hydrogen fuel and the weight of the 
hydrogen storage system (such as the tank, casing, valves, sensors, and insulation) need to be considered. This dependence is 
expressed by the gravimetric storage efficiency, which ranges between 5% and 10% of the stored H2 weight (wt% H2) [44]. 
In this study, state-of-the-art values of 0.25 kW·h·kg−1 for Li-ion batteries and 10 wt% H2 for hydrogen storage are used in 
the analysis, and the sensitivity effect of the storage weight assumptions is discussed.



Fig. 3. Six potential powertrains for electric aircraft: (a) Li-ion battery power system, (b) Li-ion battery and turbogenerator power system, (c) 
PEMFC and Li-ion battery power system, (d) SOFC and Li-ion battery power system, (e) fuel cell turbo electric power system (PEMFC), and (f) 
fuel cell turbo electric power system (SOFC).
Table 1. 
Performance metrics for eVTOL powertrain components [23,38–43]

Component
Component efficiency System efficiency

Energy/power density

Li-ion battery
0.95 0.80

0.25 kW·h·kg−1

Conventional turbogenerator
0.20 0.17

1.5 kW·kg−1

PEMFC
0.45 0.38

0.7 kW·kg−1

SOFC
0.60 0.51

1.0 kW·kg−1

The power modules that operate different flight phases in each eVTOL powertrain are listed in Table 2. The powertrains 
are equipped with operating modes that correspond to the lowest-MTOW configuration and, consequently, the lowest energy 
consumption according to the metrics in Table 1, rather than adopting reverse operation. For the power system consisting of 
only a Li-ion battery and a turbogenerator, the battery is selected for cruise operation, while the turbogenerator is responsible 
for takeoff and landing. For the powertrains that contain a fuel cell system, the fuel cell is selected for cruise operation, 
whereas either the Li-ion battery or the turboelectric system manages takeoff and landing. The energy density is evaluated 
based on the flight profile at a cruising distance of 500 km and a cruising speed of 250 km·h−1. For this flight mission, the 
power density of the fuel cell turboelectric power system (PEMFC) and the fuel cell turboelectric power system (SOFC) can 
reach 0.63 and 0.86 kW·kg−1, respectively, meeting the power system requirements.

Table 2
eVTOL powertrain operating modes in each flight phase.

Powertrain
Takeoff/landing Max. cruise

Energy density (kW·h·kg−1)

Full Li-ion battery
Li-ion battery Li-ion battery

0.25

Li-ion battery and turbogenerator
Turbogenerator Li-ion battery

0.35

Li-ion battery and PEMFC
Li-ion battery PEMFC

0.60

Li-ion battery and SOFC
Li-ion battery SOFC

0.79

Fuel cell turboelectric power system (PEMFC) 
Turboelectric system PEMFC

0.65

Fuel cell turboelectric power system (SOFC)
Turboelectric system SOFC

0.88



Given that powertrains use a combination of energy sources, including H2 gas and battery electricity, during flight, the total 
equivalent H2 consumption per mission profile is evaluated by determining the equivalent amount of H2 gas based on the 
battery electricity consumption and the LHV of H2 gas.

Finally, although this research focuses primarily on performance comparisons among potential eVTOL powertrain 
configurations, another essential consideration is the overall cost of each proposed powertrain. Given that the components are 
very different technologies, the cost can be broken down into the following factors:

• Component/system costs (capital expenditure (CapEx)) in production.
• Operating cost (OpEx) in terms of energy consumption (electricity and H2) per kilometer.
• Durability costs for component degradation, maintenance and replacement over the eVTOL operating lifetime.
• Infrastructure costs for deploying energy refueling/recharging stations.
Analyzing the total cost requires separate, detailed, holistic analyses of the various cost factors to assess the feasibility of 

each eVTOL powertrain in full. Moreover, the ratio of the loaded airframe weight to the MTOW has been proposed as a 
secondary metric. This metric considers the weight of the airframe, passengers, and cargo, and compares them to the total 
weight of the eVTOL, serving as a proxy for the powertrain’s cost-effectiveness. Finally, the powertrain’s compactness is 
also taken into account. The airframe size is scaled according to higher MTOWs, which introduces a larger surface area 
(increasing drag) and volume (thereby further increasing the MTOW). Another optimal solution needs to be considered, and 
similarly, the ratio of the loaded airframe weight to the MTOW serves as a proxy for powertrain compactness.

The advantages and disadvantages of each powertrain configuration, in terms of quantitative vehicle performance metrics 
and qualitative cost comparisons, are summarized in Table 3.

Table 3
Summary of the advantages and disadvantages of eVTOL powertrain configurations.

Powertrain
Advantages Disadvantages

Full Li-ion battery
Li-ion batteries have the highest component efficiency.
Additional weight for fuel storage is required because it is an 
energy source.
The overall infrastructure for electricity (battery production in 
USD·(kW·h)−1 and charging grid) is more mature than that for 
H2.
Lower operating temperatures (< 60 °C) than those of fuel cell 
technologies provide better operational safety.

Because of the low energy density, full electric eVTOL operation is 
only suitable for short-to-medium range flights (< 300 km).
Longer range flights lead to poorer energy consumption and higher 
costs, with large battery capacities introducing ineffective payload 
weight.

Li-ion battery and 
turbogenerator

Hybridization reduces the required Li-ion battery capacity and 
weight.
Turbogenerators have higher power densities than fuel cells do.
Turbocharging technology is long-established, operates safely, 
and has mature economies of scale.

Turbogenerators have the lowest component efficiency.
Reduced battery capacity is offset by weight allocation for the H2 
storage system.
Current H2 infrastructure is immature.

Li-ion battery and PEMFC
Fuel cell technology has higher component efficiencies than 
turbogenerators do.
Hybridization reduces the required Li-ion battery capacity and 
weight.
Lower operating temperatures (60–80 °C) than those of SOFC 
provide better operational safety.

PEMFCs have lower component efficiency than SOFCs do and can 
only be powered by hydrogen.
Reduced battery capacity is offset by weight allocation for the H2 
storage system.
Current H2 infrastructure is immature.
Cold-start constraints for PEMFC stacks should be considered.

Li-ion battery and SOFC
SOFCs have higher component efficiencies and better 
compatibility with heat engines than PEMFCs do.
Hybridization reduces the required Li-ion battery capacity and 
weight.
SOFCs have better fuel flexibility and can use reformed 
hydrocarbons as fuel.

The thermal cycling reliability and lifespan of SOFCs need 
improvement.
Reduced battery capacity is offset by weight allocation for the H2 
storage system.
Current H2 infrastructure is immature.

Fuel cell turbo electric power 
system (PEMFC)

The power density of a conventional turbogenerator is improved.
Lower operating temperatures (60–80 °C) than those of SOFCs 
provide better operational safety.

PEMFCs have lower component efficiency than SOFCs do.
Weight allocation is required for the H2 storage system.
Current H2 infrastructure is immature.

Fuel cell turbo electric power 
system (SOFC)

The power density of conventional turbogenerators is improved.
SOFCs have higher component efficiency and better fuel 
flexibility.

The thermal cycling reliability and lifespan of SOFCs need 
improvement.
Weight allocation is required for H2 storage systems.
Current H2 infrastructure is immature.



Fig. 4. Variations in total equivalent H2 consumption with increasing maximum cruising range for the six proposed eVTOL powertrain 
configurations

Fig. 5. Variations in the loaded-airframe-to-MTOW ratio with increasing maximum cruising range for the six proposed eVTOL powertrain 
configurations.

The total equivalent H2 consumption for each mission profile and loaded-airframe-to-MTOW ratio is displayed in Figs. 4 
and 5, respectively, for the six proposed eVTOL powertrains. Despite the low energy density of Li-ion batteries, the full Li-
ion battery configuration is the best powertrain system for achieving maximum cruising ranges below 300 km, owing to its 
significantly higher component efficiency and the lowest equivalent H2 consumption across all configurations. These findings 
indicate that full-electric operation is suitable for short-range applications, such as rapid urban air mobility via air taxis or 
short-distance travel. On the other hand, for maximum ranges exceeding 300 km, the full Li-ion battery configuration becomes 
less energy-efficient, as the additional battery weight outweighs its high efficiency. This is also reflected in its low loaded-
airframe-to-MTOW ratio. This configuration also becomes unfeasible from a cost perspective, as battery capacities exceeding 
100 kW·h are required for ranges of more than 300 km, and eVTOL sizing becomes less efficient. The use of a conventional 
generator (for takeoff and landing) with a Li-ion battery results in a less energy-efficient configuration for all cruising ranges 
because its component efficiency is significantly lower than that of both the Li-ion battery and H2 fuel cell technology.

Powertrains that incorporate fuel cell technology offer more efficient options than the full Li-ion configuration for high 
maximum cruising range requirements, beginning with powertrains that combine Li-ion batteries and SOFCs, achieving over 
300 km. The relationship between the total equivalent H2 consumption and the maximum range is linear, and the loaded-
airframe-to-MTOW ratio remains above 75%. Hence, fuel cell powertrains are more energy-efficient, cost-effective, and 
compact options for long-range eVTOL applications, such as intercity transportation. Powertrains that use SOFCs are superior 
to those that use PEMFCs because they have better component efficiency and energy density. These properties are beneficial 
provided that the high operating temperatures of the SOFCs are acceptable for safety in eVTOLs. Finally, compared with the 
SOFC turboelectric power system, the powertrain comprising a Li-ion battery and an SOFC has a slightly lower total 
equivalent H2 consumption.

Acknowledging that the conducted analysis depends on the weight assumptions for both the Li-ion battery and the hydrogen 
storage system is essential. Using the lowest hydrogen gravimetric storage efficiency at 5 wt% H2 (and 0.25 kW·h·kg−1 for 
the Li-ion battery), the cutoff point for the full Li-ion battery being the most energy-efficient powertrain increases slightly to 
340 km, a 13% increase. On the other hand, when the lowest Li-ion battery energy density is 0.15 kW·h·kg−1 (and 10 wt% 
H2 gravimetric storage efficiency), the cutoff point decreases significantly to just 175 km, which is a 41.7% reduction. 
Therefore, the battery energy density is most sensitive to the overall powertrain energy efficiency and, hence, to the suitability 
of H2 fuel cell technology for different cruising ranges. Moreover, compared with the full Li-ion battery configuration, the 
hybridization of H2 fuel cell technology with turboelectric power provides better loaded-airframe-to-MTOW ratios across all 



cruising ranges. As such, even at shorter ranges (before the cutoff point), fuel cell turboelectric power systems might still be 
more beneficial in terms of both eVTOL compactness and cost savings.

Notably, the six proposed eVTOL powertrain configurations are compared using results from preliminary thermodynamic 
analysis. More detailed experimental investigations should be conducted in the future to account for the effects of system 
integration, power transmission, and safety factors. In this study, we first assess the feasibility of integrating fuel cells with 
the combustor in eVTOL powertrain applications, which is a crucial first step in system development.

3. PEMFC combustor

Integrating the PEMFC combustor into a conventional gas turbine engine to form a fuel cell turboelectric system could 
significantly improve overall system efficiency. PEMFCs can also be used during the takeoff/landing phases due to their 
faster startup capabilities. In our early test, we demonstrated that our PEMFC stack can achieve startup at a working 
temperature of −30 °C. Properly designing the hydrogen combustor of the PEMFC system is, therefore, extremely crucial for 
improving its performance and operational stability. The flow control and thermal management of the hydrogen combustor 
should be carefully considered. Two types of hydrogen combustion are incorporated into our design, as required by the system. 
They are flame combustion and catalytic combustion, respectively. Flame combustion could quickly increase the gas 
temperature and lead to a high outlet temperature of the PEMFC combustor, which could be used when large amounts of 
transient power are needed. In contrast, catalytic combustion is flameless and occurs at much lower gas temperatures; thus, it 
could be selected during the cruise phase.

3.1 Flame combustion

Flame combustion can rapidly increase the gas temperature, which typically results in high outlet temperatures. However, 
the combustion process is challenging to control, especially the rate of temperature rise, due to intense chemical reactions. 
We therefore convert large-scale flames into multiple microscale flames through micronozzles to control the flame 
combustion process. An image and a schematic illustration of the flame combustor developed in this study, made from the 
superalloy GH3625 and has a total length of 545 mm, are shown in Figs. 6(a) and (b), respectively. Hydrogen is injected 
through the micronozzles and mixed with the mainstream air for combustion. A schematic illustration of the microcombustion 
process and a detailed sectional view of the micronozzles are shown in Fig. 6(c) and (d), respectively. The micronozzles could 
lead to more uniform microscale fuel-lean combustion, thereby reducing both flame temperature and nitrogen oxide 
formation. During our preliminary test, the flame combustion could reach an outlet temperature of 1200 °C within 1 minute.



Fig. 6. (a) Image and (b) sectional view of the developed flame combustor. (c) Schematic illustration of the microcombustion process and (d) 
image of the micronozzles in the combustor.

A schematic illustration of the experimental setup used to test the performance of the PEMFC combustor using flame 
combustion in the present study is shown in Fig. 7(a). The effect of flame combustion was examined in this PEMFC 
combustor. Two streams of compressed hydrogen were fed to the PEMFC combustor. One stream was fed to the PEMFC 
stack for the electrochemical reaction, and the other stream was directly fed to the combustor. A mass flow meter with a range 
of 0–0.2 g·s−1 was used to measure the hydrogen flow rate, and a temperature sensor was placed at the inlet of the PEMFC 
stack to monitor the inlet temperature. Air was fed to the system, and its mass flow rate was measured by a mass flow meter 
with a range of 0–20 g · s−1. An electronic load was connected to the PEMFC stack to measure its output power. Three 
temperature sensors were placed at the combustor outlet to measure the gas temperature exiting the combustor.



Fig. 7. (a) Schematic and (b) image of the examined PEMFC combustor

The developed PEMFC combustor used in our study is shown in Fig. 7(b). The PEMFC stack and the flame combustor are 
also illustrated. For each experimental run, the hydrogen and air were adjusted to the desired values and first fed to the PEMFC 
stack to ensure its stable operation. The mass flow rates of hydrogen and air were adjusted to 0.108 and 12.5 g·s−1, respectively, 
and the inlet temperature was fixed at 80 °C. Measurements were taken after the PEMFC stack began generating electricity. 
The temporal variation in the output power of the PEMFC stack is shown in Fig. 8(a). The stack power reached the desired 
value within approximately 3 min. As the output power stabilized to within 1%, another stream of hydrogen was fed into the 
flame combustor to initiate combustion. The outlet temperature of the gas exiting the combustor, measured by the three 
thermocouples, is shown in Fig. 8(b). The gas temperature increased from room temperature to 900 °C within around 20 
seconds, then to 1200 °C within approximately 30 seconds. The outlet gas temperature was maintained at 1200 °C with a 1% 
variation, indicating reasonable control of the combustion process through the micronozzles. The fluctuation in the outlet gas 
temperature was approximately 20 °C, and its influence on the turbine efficiency was negligible. The PEMFC combustor 
could operate steadily, thus providing high-temperature gas to the turbine for large-scale power generation.

Fig. 8. Temporal variations in (a) the output power of the PEMFC combustor and (b) the outlet temperature of the PEMFC combustor. The results 
from all three thermocouples (T1–T3) at the outlet of the combustor are plotted.

3.2 Catalytic combustion

Catalytic combustion is flameless and easy to control. Hydrogen reacts with oxygen at the catalyst surface, reducing the 
activation energy of the reaction and enabling it to occur at a significantly lower temperature than in flame combustion. During 
this process, hydrogen and air are converted into water vapor, which releases heat and raises the gas temperature. In a typical 
catalytic combustor, the catalytic reaction of hydrogen and air cannot occur at a temperature of approximately 200 °C, which 
is 100 °C higher than the outlet gas temperature of the PEMFC stack. To initiate catalytic combustion under stack outlet 
conditions, bimetallic catalysts with favorable low-temperature performance are proposed to increase the gas temperature 
above 600 °C [45,46].

Fig. 9. (a) Image of the developed catalyst combustor and (b) sectional view of the catalyst combustor

A schematic illustration of the catalytic combustor, which consists mainly of two subchambers, one for gas premixing and 
another for catalytic combustion, where a catalytic core with bimetallic catalysts is loaded, is shown in Fig. 9. Thermal 
insulation flanges are added between these subchambers to mitigate the adverse effect of the heat released from the catalytic 
combustor. A tiny swirl generator is used to generate recirculation flows by mixing hydrogen and air in the subchamber. This 
design can achieve efficient mixing at a relatively low pressure loss. The mixed gas was then fed to the second subchamber 
for a catalytic reaction. The total length of the combustor is approximately 294 mm, and it is designed to increase the gas 
temperature to 600 °C. The outlet gas temperature of the catalytic combustor can be controlled by adjusting the mass flow 
rate of hydrogen or air.



A schematic illustration of the experimental setup used to test the performance of the PEMFC combustor with catalytic 
combustion is shown in Fig. 10(a). The compressed hydrogen was also divided into two streams and was fed to the PEMFC 
stack and the catalytic combustor. The hydrogen mass flow rate was controlled by a flow meter with a range of 0–5 g·s−1. The 
air mass flow rate was controlled by a flow meter with a range of 0–600 g·s−1. A power regulator with a range of 0–200 kW 
was used to control and measure the output power of the PEMFC stack. Temperature sensors were placed at the outlet of the 
catalytic combustor to measure the outlet gas temperature. An image of the experimental setup constructed for performance 
testing is shown in Fig. 10(b).

Fig. 10. (a) Schematic illustration of the experimental setup for testing the performance of the PEMFC combustor and (b) image of the PEMFC 
combustor.

The temporal variation in the output power of the PEMFC combustor is shown in Fig. 11. It took approximately 10 min for 
the PEMFC stack to reach the desired output power. As the power of the PEMFC stack stabilized within 1% for approximately 
10 minutes, another stream of hydrogen was fed into the catalytic chamber for chemical reaction. The temporal variation in 
the outlet gas temperature in the combustor is shown in Fig. 11(b). For the first test, we set the target outlet temperature for 
the PEMFC combustor to 400 °C. The gas temperature in the catalytic combustor increases at a much lower rate than that in 
the flame combustor. The outlet gas temperature could increase from 100 to 400 °C within 10 min. The outlet temperature 
remained stable for 10 to 20 min, with negligible fluctuations.

For the second case, where the target outlet temperature was 600 °C, we adjusted the operating conditions to a higher 
hydrogen mass flow rate to examine its influence on the outlet temperature of the catalytic combustor. At a hydrogen mass 
flow rate of 3 g·s−1 and an air mass flow rate of 500 g·s−1, the outlet temperature of the combustor could reach 600 °C within 
approximately 10 min. Unlike the flame combustor, the catalytic reaction requires at least a few minutes to increase the gas 
temperature. However, compared with that of the flame combustor, the fluctuation in the gas temperature at the outlet of the 
catalytic combustor was significantly smaller. The PEMFC stack operated steadily during the outlet temperature adjustment, 
demonstrating good compatibility between the PEMFC stack and the catalytic combustor.

Fig. 11. Temporal variations in (a) the output power of the PEMFC combustor and (b) the outlet temperature of the PEMFC combustor. The results 
from all three thermocouples at the outlet of the combustor are plotted



4. Finned tubular SOFCs

Low power density has impeded the broader adoption of SOFC stacks in powering electric aircraft. Improving the 
gravimetric power density of SOFC stacks is crucial for the development of fuel cell turboelectric power systems, which 
determines whether this technology can be used [47]. The mismatch in reaction-rate limits between the anode and the cathode 
is the primary reason for the low power density of SOFC stacks. Because the reaction rate is proportional to the fuel 
concentration, cell temperature, and electrode specific surface area, a rigorous understanding of heat and mass transfer 
processes in SOFCs is essential for improving their gravimetric power density.

We propose a finned tubular SOFC to enhance local heat and mass transfer, thereby increasing the power density. The 
concept is illustrated in Fig. 12. The fin structure is inserted into the flow channels to induce radial flows, thereby increasing 
the fuel concentration at triple-phase boundaries. In our previous study, we demonstrated that the radial flow induced by the 
fin structure effectively increases power density by 20%–60% [48–50].

Fig. 12. Schematic illustration of a finned tubular SOFC.

To enhance the radial flow induced by the fin structure, the pore structure of the SOFC electrode should be carefully 
designed and optimized. The transfer phenomena and electrochemical activity in anode-supported SOFCs depend largely on 
the microstructure of the anode. In this section, we focus primarily on the effects of various pore structures on the gravimetric 
power density of tubular SOFCs. Traditional methods for preparing anode supports include mainly extrusion, dry pressing, 
and tape casting. However, these methods often yield an anode support with insufficient pores, as illustrated in Fig. 13(a), 
leading to significant resistance to gas transport. Many pore-forming agents, such as graphite and starch, are used to create 
extra pores within anodes after high-temperature sintering. Although the addition of pore-forming materials can effectively 
increase anode porosity, a large tortuosity factor remains, which is insufficient to promote gas diffusion. Low porosity and 
high tortuosity could lead to a nonuniform distribution of reactions.

To reduce gas transport resistance, we design a porous anode with ordered pores that increase porosity and decrease 
tortuosity, as illustrated in Fig. 13(b). Compared with traditional pores, ordered pores can direct gas diffusion from the flow 
channel to the triple-phase boundaries, resulting in significantly lower transport resistance. Pores of this type can facilitate 
mass transfer and increase both the local fuel concentration and the reaction rate within the porous anode, thereby increasing 
the power density. Increasing porosity could increase the number of straight, ordered pores, thereby lowering diffusion 
resistance and reducing weight. This increases output power while simultaneously reducing weight, hence increasing power 
density.

Fig. 13. Comparison between (a) traditional pores and (b) ordered pores

The ordered pores were manufactured using the phase inversion method, as shown in Fig. 14. An anode slurry that contained 
an electronic phase (e.g., NiO, which was later reduced to Ni) and an ionic phase (e.g., 8 mol% Y2O3-stabilized ZrO2 (YSZ)) 
with an appropriate weight and particle size was prepared using ball milling with a liquid medium (e.g., ethanol). After the 
slurry was dried, the anode powder was obtained and ball-milled with plasticizers, solvents, and film-forming agents. The 
mixture was then placed in a vacuum to remove bubbles and passivated. To prepare a tubular structure, a clean glass rod with 
a specific diameter (e.g., 6 mm) was immersed in the passivated mixture and then pulled up, with the mixture adsorbed on its 
surface. This immersion and pulling process was repeated until the required thickness of the anode support was achieved. The 
coated rod was immersed in a container filled with deionized water for phase inversion. During this process, an ordered pore 
structure formed. The solidified tubular-shaped substrate was naturally demolded from the rod, followed by drying at a high 
temperature of approximately 1100 °C to burn out organic components and sinter the anode components for coating of the 



electrolyte (e.g., YSZ), buffer layer (e.g., Gd0.2Ce0.8O3-δ), and cathode (e.g., Ba0.5Sr0.5Co0.8Fe0.2O3-δ) to form a single tubular 
fuel cell.

Fig. 14. Manufacturing process for the tubular SOFC with ordered pores

A schematic illustration of the experimental setup for testing the gravimetric power density of a tubular SOFC with ordered 
pores is shown in Fig. 15. The setup consists mainly of the tubular SOFC, a furnace, a thermocouple, a multimeter and a 
weight scale. The tubular SOFC, with a diameter of 6 mm and a length of 40 mm, was mounted in a furnace whose interior 
temperature can be adjusted from 20 to 850 °C. A thermocouple was placed inside the furnace to monitor the operating 
temperature of the tubular SOFC. The multimeter, which had a voltage range of 0–100 V and a current range of 0–7.35 A, 
was used to measure the output power of the tubular SOFC. The weight scale was used to measure the mass of the tubular 
SOFC. Because the experiment was conducted at high temperatures, a sensor was used to monitor the surrounding hydrogen 
concentration to ensure safety.

Fig. 15. Schematic illustration of the experimental setup of the tubular SOFC.

For each experimental run, compressed hydrogen was fed to the tubular SOFC at a flow rate of 40 mL·min−1. The furnace 
was heated at a rate of 10 °C·min−1 until its temperature reached 400 °C. The hydrogen flow rate was then adjusted to 80 
mL · min−1, and the furnace heating rate was reduced to 5 °C · min−1 to prevent structural failure of the tubular SOFC. 
Measurements were taken when the temperature inside the furnace reached 750 °C and the variation in the open-circuit voltage 
was less than 0.01 V. During the measurement, we gradually increased the current load on the tubular SOFC and measured 
its operating voltage to plot the polarization curve.

The polarization curve of the tubular SOFC with ordered pores is compared with that of the traditional random pores in 
Fig. 16. The open-circuit voltages for both tubular SOFCs exceeded 1.0 V, which indicates that the manufactured 10 μm-
thick electrolyte is dense and reliable and effectively prevents hydrogen on the anode side from mixing with oxygen on the 
cathode side. As shown in Fig. 16, the operating voltages of both tubular SOFCs decreased gradually as the current density 
increased. The polarization curve of the tubular SOFC with ordered pores has a lower rate of decrease than that of the 
traditional tubular SOFC, which indicates better electrochemical performance under the same working conditions. The high 
fuel concentration significantly increased the power density of the tubular SOFC with ordered pores at the triple-phase 
boundaries, facilitated by low gas-diffusion resistance. At an operating voltage of approximately 0.4 V, the gravimetric power 
density of the tubular SOFC with ordered pores reached 1.2 W·g−1, approximately twice that of traditional tubular SOFCs, 
and meets the requirements for powering electric aircraft.



Fig. 16. Comparison of the voltages and power densities as functions of current densities for the tubular SOFC with ordinary pores (circles) and 
ordered pores (triangles).

Notably, the gravimetric power density of the tubular SOFC may decrease further as output power increases. A rigorous 
understanding of heat and mass transfer processes can help designers reduce the difference in reaction-rate limits between the 
anode and cathode, thereby improving the SOFC stack’s gravimetric power density. In this study, we have demonstrated only 
the feasibility of manufacturing a high-power-density SOFC. Notably, developing an SOFC stack for a fuel cell turboelectric 
power system still requires careful experimental investigations to improve the long-term operational stability and thermal 
cycling reliability.

5. Conclusions

A fuel cell turboelectric power system for powering future electric aircraft is proposed. Preliminary thermodynamic 
analyses of six different powertrains were conducted. In detail, the total equivalent H2 consumption and loaded-airframe-to-
MTOW ratios for six power systems were determined for a typical eVTOL flight profile with cruising ranges from 100 to 500 
km.

We showed that the full Li-ion battery configuration remains suitable for short-range applications. In contrast, the fuel cell 
turboelectric power system is more efficient for medium- to high-range cruise requirements above 300 km. For a maximum 
cruising range of 500 km, the total equivalent hydrogen consumption of the fuel cell turboelectric power system is only 6.4 
kg, approximately 50% of that of conventional powertrains with turbogenerators and batteries. Notably, the preliminary 
comparison did not account for real system integration, safety design, or power transmission across all powertrains. More 
detailed analyses of real mission load profiles will be conducted in future studies.

In this study, we conducted preliminary experiments to assess the feasibility of developing a fuel-cell turboelectric power 
system. First, the feasibility of developing a PEMFC combustor was demonstrated. We showed that the PEMFC stack can 
operate steadily with both flame and catalytic combustors. The flame combustor outlet temperature can reach 1200 °C within 
30 seconds. The outlet temperature of the catalytic combustor is lower than that of the flame combustor, but it is easier to 
control. Increasing the outlet temperature of the catalytic combustor from 400 to 600 °C within several minutes was also 
successful. The feasibility of manufacturing high-power-density SOFCs for the proposed power system was also 
demonstrated. A finned tubular solid oxide fuel cell was manufactured to improve electrochemical performance and reduce 
cell weight. The SOFC power density reached 1.2 W·g−1, meeting the requirements of fuel cell turboelectric power systems.

Although the fundamental feasibility of developing a fuel cell turboelectric power system was demonstrated in this study, 
further experiments are required before a power system can be developed. For instance, experiments should be conducted to 
assess the performance of integrating a fuel cell combustor with a gas turbine system. The control system for monitoring the 
system’s rapid dynamic response also requires testing. Structural design to avoid hydrogen accumulation inside the power 
system and to facilitate compact design should also be investigated. With respect to tubular solid oxide fuel cells, their long-
term operation and thermal cycling reliability performance should be experimentally examined. The integration of the SOFC 
stack with the combustor may be easier than that of the PEMFC stack, but it should also be experimentally tested.

The present work aims to improve our understanding of the use of fuel cell turboelectric power systems for electric aircraft. 
It provides a foundation for the systematic design and optimization of electric aircraft powertrain systems.
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