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Abstract: Despite significant technical progress, the aviation industry carbon footprint keeps growing. Recent 

articles demonstrate that the decarbonization of air mobility will almost exclusively rely on the decarbonization 

of its energy. While biofuels will play an important role in the near and long-term, low carbon electricity is now 

considered, either with direct electrification, or using energy vectors such as hydrogen or efuels. In this study 

we compare each energy vector using the well to rotor methodology applied to a standard air mobility mission 

to capture the different conversions losses and the integration effects on the carrier. The energy required is first 

expressed in the unit of the energy vector before being translated into kWh at the well, the electricity grid in 

our central scenario. The results are than translated in CO2 emissions and direct energy cost. Based on the 

assumptions in this study, the electricity carbon intensity and price can significantly impact the results. While 

liquid H2 has the highest cost and CO2 emissions in most scenarios, the results indicate that when electricity 

carbon intensity is below 35 gCO2/kWh, efuel can have lower CO2 emissions than battery electrification. 

Keywords: air mobility; efuel; hydrogen; battery electric; CO2 

 

1. Introduction 

Despite significant technological progress, the aviation industry carbon footprint keeps growing 

due to the current air traffic growth [1]. Meanwhile, the Air Transport Action Group forecast for 2050 

conclude that the flight demand could grow by an average of 3.1% per year and that the CO2 

emissions could consequently grow to 2 Gt [2] if no specific measures are put in place.  

As for the entire air transportation, the Vertical and Take Off aircrafts, which are currently 

accounting for 1% of the total jet fuel consumption and CO2 emissions [3], will rely on Sustainable 

Aviation Fuels (SAF) to lower their carbon footprint [2]. 

Air mobility is recognized as a “hard to abate” sector, and several technologies are considered 

to lower its CO2 emissions: electrification with batteries (BE), electrification with Fuel Cell fed with 

H2 (FCH2), Gas Turbines burning H2 (GTH2) or sustainable aviation fuels (SAF) which can be issued 

from the biomass: biofuels or using electricity through the Fischer-Tropsch pathway with the 

conversion of H2 + CO2 + H2O: efuels. Other pathways such as LNG, NH3 and CH4 are also sometimes 

cited [4] but are not considered in this study. 

Vertical Take Off and Landing (VTOL) and short-range aircrafts are often considered when 

studying the opportunity to switch from fossil jet fuel to a more disruptive energy vectors such as 

battery and / or H2 fuel cell [4,5].  

Since the path to low carbon energy for air mobility induces low yield energy vectors and that 

limited resources already reveals some tensions on biomass supplies for biofuels [6,7], this study 

reviews the combination of the most cited energy vectors based on electricity combined with the most 

studied propulsive energy concept for VTOL. While it could later be extended to fixed wing aircrafts, 

the study focuses on the VTOL aircraft as vertical take-off and hovering are the most demanding 

operations regarding energy requirements, thus magnifying the need of energy efficiency. 
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2. Materials and Methods 

2.1. Previous work 

A significant number of articles cover alternative aviation fuels and propulsion systems. Grahn 

et al in 2022 reviewed the electrofuels cost and their environmental impact [8] with no clear 

conclusions regarding the CO2 impact. The Académie des Technologies report on the role SAF for air 

transport [9] highlighted the needs and limits to the deployment of low carbon electricity to reach a 

viable production volume of efuel. In Europe, the ReFuel EU regulation will impose 70% of 

sustainable aviation fuel by 2050, of which half should be efuel [10]. Rojas-Michaga et al [11] reviewed 

the SAF production through power to liquid (efuel) and concluded that the dominant factor for the 

efuel CO2 emissions is the electricity. 

Dahal et al [4] established a techno-economic review of alternative fuels and propulsion systems 

for the aviation sector. Using the available literature, the model is based on aircraft top level 

requirements applied to Airbus A321 and A350 models using the Pacelab APD design tool. The 

conclusions are expressed in US cent per passenger kilometers to allow a fair comparison between 

the different fuels evaluated and the biofuel appears to be the most competitive while H2 and efuel 

are in the same ballpark. Compared to fossil jet fuel, the cost range is 15 to 500% higher. However, 

the specific characteristics of the VTOL which require significant thrust to provide the lift during the 

entire mission are not captured. 

2.2. Methodology 

Electricity, expressed here in kWh, is the common and main feedstock for all energy vectors 

considered: direct electrification with battery (BE), H2 with fuel cells (FCH2), H2 with gas turbine 

(GTH2) and efuels. Fossil jet fuel and SAF issued from biomass will be used in section 4 for reference 

to compare the results, while LNG, CH4 and NH3 are not considered.  

The electricity requirements to produce H2 and efuel are significant [9,11–14]. To compare the 

different energy vectors, we combine the efficiency of the energy vector from the electricity grid to 

the tank “well to tank” for each pathway. We then introduce the adaptation required by the 

associated propulsive system and its integration effects on the aircraft weight to determine the energy 

requirements, the “tank to rotor” efficiency.  

This is described in figure 1 below: 

 

Figure 1. Energy vector applied to the VTOL and associated pathways and propulsive architecture. 
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We apply these calculations to a standard VTOL mission, which is to carry 4 passenger or an 

equivalent of 400 kg of payload, over 80 nautic miles (nm) with a reserve of 20 nm. The mission profile 

is described below in figure 2. 

 

Figure 2. Mission profile. 

As efficient as it can be, a VTOL aircraft need to continuously fight against gravity and will 

always consume more energy than a fixed wing aircraft with similar payload / range. The typical 

mission could be summarized with the transportation of an equivalent of 4 passengers (pax), or 400 

kg of payload over a range of 80 nm (with a reserve of 20 nm) before refueling, so approximately 45 

minutes of flight as described in figure 2. While helicopters range are often above 300 nm even for 

the smallest ones such as Bell 505 or the Airbus H120 [15] and that typical missions often go beyond 

this range in between two refueling, the limit of 80 nm is there to reflect the opportunity of an air taxi 

mission as electric propulsion is considered for urban air mobility [16]. The crew is limited to 1 pilot 

and the altitude to 4000 feet. 

2.3. Design of VTOL 

The properties of the energy vector is extremely important when designing an aircraft. An 

excellent gravimetric energy density can be penalized by a too low volumetric energetic density 

which will lead to larger tanks, penalizing drag and aircraft empty weight, thus leading to structural 

reinforcement, thus more weight, thus higher power requirements and finally an increased energy 

consumption. The payload and the range also have major contributive effects [16].  

We therefore simulated the weight rebound effects of a heavier and / or larger propulsive energy 

system with the associated tanks required for a given mission for each energy vectors. No 

modification is assumed on the aircraft and a standard configuration including a large main rotor 

and tail rotor to counter the main rotor torque is used. The modelling is based on the two main known 

principles: the Froude-Rankin theory and the statistical design method for VTOL in the range of 1500 

to 3000 kg in this study. Each propulsion system is designed to meet the power and energy 

requirements which are issued from the aircraft modelling.  

The weight breakdown WTO = WEP + WPS + WCR + WPL + WFL when WEP = αEW.WTO  

The calculation of the power required is defined in table 1. 

Table 1. Power required calculations formula. 
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The baseline VTOL is the Bell 505 [15], it is a 1.7 T Maximum Take Off Weight (MTOW) 

helicopter which can carry 4 passengers as required by the mission profile. If this baseline helicopter 

cannot fulfill the mission, either the range and / or the payload, i.e., if the take-off payload is above 

the MTOW or if the convergence of propulsive system weight does not match with a given 

combination of energy vector / propulsive energy system as described in figure 1 above, then a larger 

VTOL is chosen. The next VTOL in line in this study is the Bell 429 [15] which has a 3.4 Tons MTOW. 

If this heavier VTOL cannot fulfill the mission, then a larger helicopter is chosen, the Leonardo 169 

[15] which has a 4.6 T MTOW. We describe in figure 3 below the process followed for these 

calculations. 

 

Figure 3. VTOL Mass Take Off Weight calculations process. 

The hypothesis used in this study for the propulsive system design are summarized in table 2 

below: 

Table 2. Main hypothesis used for propulsive system design. 

H2 and Fuel Cell Batteries Power Distribution 

H2 LHV: 33 kWh / kg 

LH2 density @ 21°K 1 atm: 71 

kg / m3 

LH2 max usable fuel in tank: 

80% 

Max C Rate: 6 

Depth of discharge: 100% 

Cell energy density @ 2C: 585 

Wh / kg 

Integration factor: 1.35 

Distribution efficiency: 99% 

eMotor efficiency: 96% 

eMotor power density: 8 

LH2 storage density: 30% 

Fuel Cell efficiency: 50% 

Fuel Cell power density: 1.2 

kW / kg 
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2.4. Energy vectors 

In this study the jet fuel and the sustainable aviation fuels issued from biomass, biofuels, will 

only be used as a reference for comparing the CO2 emissions in the discussion and conclusions 

section. Since biofuels can have different cost and CO2 emissions [17], we will use the HEFA-UCO 

biofuel as reference in section 4. 

• Fossil Jet Fuel: used as a reference with CO2 emissions of 94 gCO2/MJ [18] with a LHV of 44.1 

GJ/t [20] 

• Biofuel: HEFA-UCO used as a reference with CO2 emissions of 20 gCO2/MJ [19] with a LHV of 

44.1 GJ/t [20]Electricity: used for battery electrification (BE), the production of liquid H2 and 

efuels. Electricity is considered as the raw material for all the combination of energy / 

propulsive systems studied here as described in figure 1 above. We assume that electricity is 

supplied by the grid with no consideration of load factor The carbon intensity is expressed in 

gCO2/kWh and costs in €/kWh. 

o Electricity for BE: 10% charging losses are added to the energy required to fulfill the 

mission; a figure slightly lower than the one proposed by Reick et al in 2021 [21] which 

concluded to a mean efficiency of 87%. 

o Electricity for liquid H2: green LH2 produced from water electrolysis will be either used in 

a gas turbine or in a fuel cell. Our hypothesis is that H2 will be directly manufactured on 

site to avoid any long-distance transportation of LH2 as carrying hydrogen from one place 

to another would significantly harm the cost and CO2 emissions [22]. The value for 

electrolysis is 20 g / kWh or 50 kWh per kg of H2 [23] while the energy cost for liquefaction 

adds 15 kWh per kg of H2 [24]. 

o Electricity for efuel: as for LH2, electricity is the dominant element when producing efuel 

[9,25]. Low carbon efuel will require an optimized unit of production as proposed in [25] 

using biogenic CO2 or using direct air capture [9]. The H2 will be produced using the same 

value as above before being sent to a Fischer-Tropsch unit to be converted in efuel after 

addition of H2O and CO2. Our hypothesis is 22.2 kWh of electricity to produce 1 kg of efuel 

as proposed by the Académie des Technologies [9]. 

2.5. Life Cycle Assessment 

The energy used in operation represents more than 99% of the emissions of the aircraft and the 

impacts associated with the manufacturing are negligeable [26,27]. We therefore do not take in 

consideration the environmental impact, nor the CAPEX, associated to the various aircraft 

configurations except for the battery pack as battery manufacturing have a significative impact over 

the lifetime costs and CO2 emissions of a vehicle [28]. The hypothesis for the battery manufacturing 

is a GHG of 72.9 kg CO2 / kWh [29]. With frequent high-speed charge, our hypothesis for battery 

replacement is set at 200.000 km while the battery cost is set at 75$ / kWh [30].  

For the FCLH2 configuration (fuel cell with LH2), a battery pack of 100 kWh is required to 

accommodate the transient and voltage stabilization [31]. The above numbers will apply. 

3. Results 

3.1. VTOL energy requirements per energy vector and total electricity consumption 

• While the mission (figure 2) can be realized with all the energy vectors considered, the results 

highlight that the energy vector has a significant impact on the take-off weight thus the energy 

required when applying the integration effects. As described in 2.3, when the take-off weight is 

above the MTOW of the VTOL considered, a heavier VTOL is evaluated. The results are 

synthetized in table 3 below. 

The liquid hydrocarbons (efuel, or fossil fuel, or biofuel) have the lowest MTOW and will require 

63 kg of liquid fuel. 

When switching to LH2, while the gravimetric density is favorable, the lower volumetric density 

and the need to accommodate wider and robust tanks lead to a heavier VTOL: MTOW is almost 
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doubled compared to liquid hydrocarbons. 36 to 41 kg of LH2, respectively when combined with gas 

turbine or a fuel cell, are required to realize the mission. The propulsive system based on fuel cell is 

penalized by the fuel cell weight and the need to integrate a 100-kWh battery pack [31]. The gas 

turbine, while lighter, must accommodate a complex fuel system to allow the stored LH2 @ 21°K to 

reach the combustion chamber without safety issues, leading to heavier pipes and additional 

monitoring and safety components [32]. 

To calculate the battery electrification VTOL take-off weight, the battery pack size was 

calculated. With the baseline requirement of 360 kWh of electricity to perform the mission, the battery 

pack must grow to 625 kWh to include the safety reserve of 20 nm (90 kWh), the minimum of 10% 

state of charge before charging [33], and the aging of the battery before replacement, with an 

hypothesis of 80% before reaching the battery knee-point [34].  

 
• To calculate the total electricity consumption for each energy vector considered, we apply 

respectively 22.2 kWh to produce 1 kg of efuel [9] and 65 kWh to produce 1 kg of LH2 [23,24]. For 

battery we apply the charging losses, 10%, as described in 2.4 above. 

The results are synthetized in table 4 below: 

 

3.2. CO2 emissions 

The CO2 emissions are proportional to the carbon intensity of the electricity in gCO2/kWh 

multiplied by the quantity of electricity required to perform the mission:  

MkWh * gCO2. .kWh 

This is true for all energy vectors except for Battery Electrification and FCH2 as the battery 

manufacturing implicates significant CO2 emissions as described in section 2.5. 

For battery electrification, the hypothesis for the battery manufacturing is a GHG of 72.9 kg CO2 

/ kWh [29], which means 45562 kg of CO2 for the 625 kWh battery pack which will be replaced every 

200.000 km. We therefore assume that 0.228 kg of CO2 should be added per km, or 33.7 kg of CO2 per 

mission, 80 nm being equivalent to 148 km. 

For FCH2, the 100 kWh battery pack, using the same formula, would add 5.4 kg of CO2 per 

mission. 

Since the CO2 emissions are proportional to the carbon intensity of the electricity and while this 

could be infinite, we used the European Union carbon intensity of electricity which decreased from 

641 gCO2/kWh in 1990 to 334 gCO2/kWh in 2019 [35] to modelize the results as shown in figure 4 

below. 

Turbine / 
Fuel Cell Tank Battery Electric 

Motor Others

Gas Turbine with efuel 120 20 N/A 190 1400 63 kg of efuel
Gas Turbine with LH2 160 210 670 1040 2500 36 kg of LH2

Fuel Cell with LH2 800 220 160 80 40 1300 2900 41 kg of LH2
Battery Electrification 870 80 100 1050 2700 360 kWh of electricity

Energy required to perform 
the mission

Table 3:  MTOW and associated energy requirements according to the VTOL energy vector / propulsive energy system

VTOL Take-
Off weight

Component weight in kg
Propulsive System

Propulsive 
System 
weight

Mission 4 pax , 80 NM VTOL Energy Vector 
requirement

Total Electricity 
Consumption, kWh

eFuel 63 kg [9] 22,2 kWh / kg 1399
H2 Gas Turbine 36 kg [23, 24] 65 kWh / kg 2340

H2 Fuel Cell 41 kg [23, 24] 65 kWh / kg 2665
Battery Electrification 360 kWh 400

Electricity required to produce 
the energy vector

10% charging losses
Table 4: Total electricity required from the grid for each energy vector, in kWh
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Results show that H2 energy vector has higher CO2 emissions than efuel. Battery electrification 

has the lowest CO2 emissions except when the carbon intensity is very low, which could be explained 

by the impact of the battery manufacturing. 

Since the decarbonization of the energy is key and that several regulations are now in place, such 

as the European Regulation for Renewable and Low Carbon Fuels [36], figure 5 below focuses on 

carbon intensity of the electricity from 0 to 50 g CO2/kWh:  

 

In figure 5 one can notice that the carbon intensity of the electricity plays a significant role when 

below 45 gCO2/kWh for the considered mission. 

It is only when the carbon intensity of electricity is beyond 35 gCO2/kWh that battery 

electrification has lower CO2 emissions than efuel. This could be explained by the impact of the 

battery pack manufacturing. 

Whatever the carbon intensity of the electricity, efuel has lower CO2 emissions than propulsive 

systems using H2 as energy carrier.  

3.3. Cost of electricity for the mission 
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The costs calculated here apply to the cost of the electricity required to perform the mission and 

the cost of the battery when necessary. CAPEX are not considered. 

The cost of the mission is proportional to the electricity price in $/kWh:  

MkWh * $.kWh 

 This is true for all energy vectors except for Battery Electrification and FCH2 as the battery 

manufacturing implicates significant costs as described in section 2.5. 

For battery electrification, the hypothesis for the battery manufacturing is a cost of 75$/kWh [30], 

which means 46875 $ for the 625 kWh battery pack which will be replaced every 200.000 km. We 

therefore assume that 0.234 $ should be added per km, or 34.7 $ for the selected mission, 80 nm being 

equivalent to 148 km. 

For FCH2, the 100 kWh battery pack, using the same formula, would add 5.5 $. 

Since in our model the costs are proportional to the price of electricity, and while this could be 

infinite, we used the levelized full system costs of electricity applied to low carbon electricity plants 

with a load factor greater than 95%, so between 90 and 192 $ / MWh [37]. 

Results are shown in figure 6 above with the cost of the mission expressed in $ in the y-axis. 

Whatever the price of electricity, battery electrification is the less expensive option when VTOL 

using H2 either with a gas turbine or fuel cell are the most expensive options. 

 

4. Discussion and conclusions 

In this study we compared the energy requirements of different energy vectors requiring 

electricity as a raw material when applied to a standard VTOL mission (4 passengers over 80 nm). 

While there are various solutions when considering the implementation of renewable energy 

[38], flying requires much more energy than floating or rolling and the integration effects when 

considering new energy vectors such as efuel, battery electrification or H2, either coupled with a gas 

turbine or with fuel cells, shall be considered. 

We found that energy vectors using electricity as a raw material can be directly compared, either 

to compare the CO2 emissions or the cost of energy when applied to a given mission. 

Battery electrification should be the preferred option if the take-off weight is compatible with 

the payload and the range, which is in line with the conclusions of Zhang et al [39]. However, battery 

electrification means heavier platforms and the opportunity of such a technology could remain 

limited to short distances and / or limited payload, thus in competition with public transportation 

and / or electric cars which are far more efficient [16]. The impact on battery material could also be 

an issue as a medium and long-range aircraft often travel more than 2 million kilometers per year, 

consuming almost 1 battery pack per month as the average lifetime of a battery pack is 200.000 

kilometers. 
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In all scenarios, efuel shows less CO2 emissions and lower costs than H2 based propulsive 

systems. It seems that carrying the most efficient molecule in an aircraft pays the extra energy cost 

spent on the ground with the Fischer-Tropsch process which combine H2+CO2+H2O. This will be 

further investigated in future works since the VTOL requirements, such as hovering, are extremely 

energy demanding thus probably magnifying the results. The impacts on NOx, contrails and noise 

are not considered here and future works should be done to refine the FCH2 potential for small fixed 

wing aircrafts which could accommodate a fuel cell. For larger aircrafts which would require a 

significant amount of power, thus switching from fuel cell to gas turbine to use the H2, the eFuel 

option should be preferred in an energy perspective. Moreover, carrying H2 over long distances is 

inefficient [14] while eFuel characteristics are similar to fossil fuel, so it can travel easily and could 

manufactured in various locations before being transported. As the aviation industry intends to 

decarbonize its energy, the H2 option is not only the most expensive, but it seems to be at risk since 

the cost of LH2, which needs to be produced where it will used, could vary significantly. While efuel 

could be produced in areas where electricity prices remain low before being transported to the point 

of use, the need for H2 to be produced locally could significantly harm the cost for airlines in countries 

where electricity prices are high as shown in figure 7 below. In figure 7 we apply the price of 

electricity (€/kWh) of 3 European countries, using data from Statista [40], respectively 150, 260 and 

440 € per MWh in France, Germany, and Denmark. 

 

One can notice that fossil fuel remains the cheapest option, but also that biofuel can compete 

with battery electrification. More interestingly, a country with high electricity prices such as Denmark 

could consider importing efuel from France where electricity is much cheaper to optimize the mission 

cost. 

Even as efuel seems to be the most efficient option in most scenarios, the impact on the electricity 

production should be considered. The European Union recently set the objective of 35% of RFNBO 

in its ReFuel EU regulation for 2050 [41] and this will most probably be efuels. Would Europe require 

50 Mt of Jet Fuel by 2050, this translates in 17.5 Mt of efuel. With a selectivity of 60% [9], 37 TWh of 

electricity would be required per Mt of efuel for air mobility, or close to 650 TWh. In 2022 the EU 

produced 2641 TWh of which 23.5% of wind and solar, or 607 TWh [42]. The production of efuel at 

scale would require significant amount of low carbon electricity and could therefore foster conflict of 

use issues. These conclusions are shared with [7] and this will be further investigated in future works. 
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