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Abstract: For students, the conceptual design of an aircraft for reduced carbon 

emissions provides both opportunities for innovation, and challenges in estimating 

basic design parameters, especially empty weight, but also drag and power 

requirements. At present, liquid hydrogen (LH2) or electrical power are feasible 

alternatives to hydrocarbon fuel for many applications. An important requirement is 

that the energy storage system must have a high specific energy (energy per unit 

weight). LH2 meets this requirement, but distribution and storage are expensive, 

rendering it economically impracticable. Batteries are an alternative, but the specific 

energy of a lithium battery is an order of magnitude less than that of carbon-based 

fuel. Electrically-driven impellers offer aircraft design flexibility that can partially 

offset the limitations of batteries’ low specific energy, but for medium- and long-

range aircraft, battery power alone is still infeasible. Long-range aircraft with 

significantly reduced carbon footprint will either need batteries with at least an order 

of magnitude increase in specific energy, or burn synthetically-produced hydrocarbon 

fuel made from atmospheric carbon dioxide and water, using a process similar to that 

of photosynthesis. Both are in early stages of development. This paper examines 

propulsion options and possible design synergies. 

 
1. INTRODUCTION 

In April 2016, 195 countries signed the Paris Agreement on climate change. These 

countries committed themselves to limit global temperature rise to 20 C above pre-

industrial levels. The leading cause of climate change is the increase in levels of CO2 

in the atmosphere. This is in the class of green-house gases (GHGs), which have the 

characteristics of trapping heat in the atmosphere. GHC emissions due to air 

transportation represent less than 3% of worldwide GHG emissions, but is it is also 

widely agreed that all GHG emitters must make a contribution to their reduction. At 

present, hydrogen or electricity are possible providers of energy, but the high cost of 

hydrogen production, transmission and storage renders it economically impracticable. 

When the user of energy is in a fixed location, power can usually be supplied 

economically from electricity generated by wind or solar cells. In North America, the 

cost of generating energy from these sources is now similar to the cost of energy 

generation from hydrocarbons [1], and the transition to non-hydrocarbon power 

generation is being delayed by politics rather than economics. For transportation, 

problems are a bit more difficult especially when the energy source must be carried 
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with the vehicle. Electrical energy must currently be stored in batteries, and as 

compared with hydrocarbon fuels, batteries have a much lower specific energy 

(energy per unit weight). For heavier-than-air aircraft, which includes nearly all air 

transportation, energy is required both to keep the aircraft in the air, and to propel it, 

so weight is critically important. For a fixed-wing aircraft flying at the minimum drag 

condition, exactly half the drag is due to lift, which is equal to aircraft weight in 

straight-and-level flight. 

 

This revolution in air transportation propulsion offers opportunities for students in an 

aircraft conceptual design course to produce innovative concepts. But there are also 

challenges. It is difficult to estimate empty weight for an innovative concept, because 

there will be no database of similar concepts. Drag estimation may be a bit easier, 

unless the concept has some highly unusual external contours. If weight and drag are 

known, then the rate of energy consumption is relatively simple. Methods for sizing 

both hydrogen and electrical propulsion systems may be found in Gundlach [2], and 

for electrical propulsion in the forthcoming edition of Raymer [3]. This paper 

describes the wide variety of concepts currently under development, and this suggests 

that there are still many new opportunities for innovation. 

 

2. HYDROGEN ENERGY 

 

Liquid hydrogen is often used as rocket fuel, such as for the space shuttle main 

engines. Liquid hydrogen could be used as an aircraft fuel, either burning it in a 

turbofan with modified combustors, or using a fuel cell to generate electricity to turn a 

propeller using an electric motor. Several studies have been performed on the 

feasibility of hydrogen fuel for transport aircraft, including those by Lockheed and 

Airbus [4][5][6]. A Dimona single-seat aircraft modified by Boeing R&T Europe, 

powered in part by hydrogen 

using a fuel cell, was flown at 

the Paris Airshow in 2009. A 

similar power configuration by 

DLR/Hydrogenics called 

Pipistrel HY4 [7] first flew in 

September 2016. However the 

cost of making hydrogen 

(usually by reforming a liquid 

hydrocarbon), carbon dioxide 

capture, liquefaction, 

transportation, and storage, 

render hydrogen as 

economically infeasible for air 

transportation.  
 

3. ELECTRICAL ENERGY 

 

Using electric motors to power aircraft has become the preferred alternative to 

hydrogen. The primary limitation to widespread adoption is lack of batteries with a 

sufficiently high battery specific energy. Household Li-ion batteries have a specific 

energy of between 130 and 210 Wh/kg. Tesla cars use batteries holding about 250 

Wh/kg, and Solar Impulse used batteries with specific energy of 260 Wh/kg.  For an 

Source: Lockheed    

Figure 1  LH2-powered Lockheed L1011-500 
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economically feasible short range electrically powered commercial aircraft, NASA 

estimates that a specific energy of 400-500 Wh/kg will be required [8], and Airbus 

estimates a single-aisle transonic hybrid-electric aircraft will require batteries to have 

800 Wh/kg[9].  So a significant improvement over Li-ion batteries will be required. 

Figure 2 summarizes the challenge. Another drawback of batteries is that the energy 

source is not discarded when the energy is used. For hydrocarbon or hydrogen fuel, 

the weight of the airplane is considerably less than at the start of the flight (by almost 

40% for a long range flight), and drag (and hence energy consumption) is reduced 

commensurately.

 
Figure 2  Specific Energy of Potential Energy Sources 

For gas turbine powered aircraft, engine maintenance cost is a significant contributor 

to overall aircraft maintenance cost but is only a weak function of engine thrust, and 

this is part of the reason why most commercial aircraft have only two engines. 

Electric motors are reliable and almost maintenance-free, so the designer can choose 

to have many small engines, which offers flexibility in location, and integration with 

the stability and control system. This can offer benefits in both aerodynamics and is 

essential for stability 

and control. The 

latter is especially 

valuable if the aircraft 

is controlled 

autonomously. 

Innovative design 

concepts have already 

flown, and many new 

innovations will 

undoubtedly appear. 

Designs may broadly 

be divided into two 

categories: vertical 

takeoff and landing 

(VTOL), and 

conventional takeoff 

and landing (CTOL). 

Propulsion systems 
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Figure 3  Electrical Propulsion Options 
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may be divided into three categories: hybrid/electric (meaning a combination of 

battery power and hydrocarbon or hydrogen fuel), all-electric (powered by batteries), 

and solar-powered all-electric. The first two are compared with a gas-turbine in Fig. 3. 

VTOL aircraft are mostly all-electric, with some hybrid/electric, and CTOL aircraft 

are mostly hybrid/electric, with some all-electric. Many of these concepts are enabled 

by computer-controlled thrust management systems, in which engine thrust is closely 

linked to the aircraft stability and control system, and usually navigation system, 

allowing a high level of automation. This poses many challenges for aircraft 

certification which cannot easily be addressed in the conceptual design phase. 

 

3.1. Vertical Takeoff and Landing 

 

Aircraft designed for vertical takeoff and 

landing obtain lift during these phases of flight 

either from propellers or ducted fans. During 

cruise, lift can be provided either by propellers 

or from a fixed wing.  

 

3.1.1. Hybrid/Electric:  Examples of this 

category include the E-Volo Volocopter [10], 

which has 18 fixed-pitch two-bladed propellers, 

with a maximum takeoff gross weight 

(MTOGW) of 450 kg (1000 lb), and capacity of 

1-, 2-, or 4-seats. It has a 20-30 minute endurance per charge in all-electric 

configuration, and one hour in a hybrid configuration.  

 

3.1.2. All-Electric:  The Airbus 

CityAirbus [11] has eight 100 kW 

direct-drive motors, each driving a 

fixed-pitch prop and mounted in 

coaxial pairs. The vehicle has four 140 

kW batteries with a total of 110 kWh of 

energy. Its endurance without reserves 

is 15 minutes. It can carry up to four 

passengers, and will be initially piloted, 

but with autonomous operations when 

regulations permit. Another Airbus-

funded project, the A3 Vahana [12] is also 

funded by Airbus, but the design office is 

in California. This tilt-wing aircraft 

carries a single passenger with a total 

payload of 115 kg (250 lb) and trade 

studies include ranges up to 200 km (125 

miles). First flight of a prototype was on 

January 29, 2018. For intra-city 

operations, battery recharge times are also 

an issue, and batteries may need to be 

switched out after each flight. 

 

Source: cleantechnica.com 
Figure 4  E-Volo Volocopter 

Source: City Airbus_Backgrounder_June2017.jpg 

Figure 6  Airbus CityAirbus 

Source: http://evtol.news/aircraft/verdego/ 
Figure 5  A3 Vahana 
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Other innovative designs 

include the Lilium Jet [13] and 

the Opener BlackFly [14]. The 

Lilium Jet has 24 fans on the 

wing, and 12 fans on the canard.  

The fans are essentially attached 

to the top of the flap on each 

lifting surface. The aircraft can 

take off and land vertically, but 

it can also augment low-speed 

wing lift by having the fans 

draw air across the top of the 

wing, offering the possibility of short takeoff and landing (STOL) operations at a 

higher gross weight. A drawback of this configuration is that the fans operate in a 

non-uniform flowfield due to the wing boundary layer, and may have to use a non-

optimum operating point to avoid blade stall. The first flight was in April 2017, and 

flights so far have been remotely-piloted. Maximum range of 295 km is claimed.  

 

The Blackfly is probably the 

most innovative design so far. 

Tandem wings, each with four 

propellers, are attached to the 

fuselage at an angle of about -

450. On the ground, the aircraft 

sits on its curved belly. To take 

off, the airplane rotates whilst 

still on the ground using thrust 

from the forewing propellers 

until the propellers provide 

vertical thrust. Then full thrust 

is applied to all propellers and 

the airplane lifts off the ground. For cruise flight the aircraft rotates nose down until 

the wings are at cruise angle of attack. The process is reversed for landing. This 

airplane has an empty weight less than 115 kg (254 lb), and can operate as an 

ultralight under FAR Part 103, which restricts it to a maximum speed of 28 m/s (54 

kt). The first flight was in October 2017, and the airplane has flown over 19,000 km 

(10,500 nmi) since then. 

 

3.2. Conventional Takeoff and Landing 

 

Conventional takeoff and landing implies an available runway length of at least 600 m 

(~2000 ft). Few airports are close to the city center, with a few exceptions such as 

London City Airport (LCY), or Toronto City Airport (YTZ). Because of the time 

taken to get to and from the airport, this suggests that the minimum range must be of 

the order of 500 km (270 nmi). This is difficult for an all-electric aircraft, so 

hybrid/electric is often the preferred choice of propulsion. 

 

Source: https://lilium.com/technology/ 
Figure 7 Lilium Jet 

Source: www.opener.aero 

Figure 8  Opener BlackFly 
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3.2.1. Hybrid/Electric: Examples 

of this class of aircraft include the 

Zunum Aero [15]. The program is 

supported by Boeing, JetBlue, and 

Washington State. This twin-

propulsor aircraft has a claimed range 

of 1124 km (610 nmi). Batteries 

occupy most of the wing, and a small 

turboshaft is in the rear of the 

fuselage to keep the batteries charged 

as required. Externally the aircraft 

looks conventional, and the design does not take advantage of distributed propulsion. 

The design assumes a battery specific energy of 300 Wh/kg, so this would require 

more advanced battery chemistry than Li-ion.  
 

An aircraft concept 

for the longer term 

is the Airbus E-

Thrust Airliner [16], 

which will use six 

electrically driven 

fans, with a 

combination of 

batteries and a 

turboshaft driving a 

generator in the rear 

fuselage. The ducted fan location offers some noise shielding to those on the ground, 

but gives up the weight reduction from wing root bending relief. Airbus states that the 

aircraft will need batteries with a capacity of 800 Wh/kg to be economical.  

 

3.2.2. All-Electric: NASA’s X-57 

Maxwell [17] is another good 

example of the potential synergy with 

the use of electric propulsors. The 

aircraft is a much-modified Tecnam 

P2600T light piston-engine twin. 

Propulsion consists of two tip-

mounted propellers for cruise, plus 

twelve fixed-pitch two-bladed 

propellers for takeoff and landing. 

The slipstream from the two-bladed 

propellers enables the design wing 

loading to be increased from the 

original design’s value of 83 kg/m2 (17 lb/ft2) to 244 kg/m2 (50 lb/ft2). It may also be 

possible to reduce vertical stabilizer area [18], although that was not done for this 

aircraft.  

 

For a design range greater than about 2000 km (1080 nmi), an all-electric 

configuration is infeasible for the foreseeable future. For the Boeing 787-900, fuel 

weight is about 40% of takeoff gross weight, and payload about 11% 

Source: techcrunch.com 

Figure 9  Zunum Aero 

Source:  awst.com 

Figure 11  NASA X-57 Maxwell 

Source: ainonline.com 

Figure 10  Airbus E-Thrust Airliner 
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3.2.3. Solar Power: The best-known solar-powered aircraft is the Solar Impulse 2 

[19], which completed a circumnavigation of the earth in July, 2016. This aircraft had 

a gross weight of 2,300 kg (5,100 lb) and span of 71.9 m (236 ft). Battery specific 

energy was 260 Wh/kg. The typical flight profile overwater was to climb to 28,000 ft. 

during daylight hours. After dark, it would glide to 5,000 ft. at which time the 

batteries provided power to maintain that altitude until the sun provided enough 

power to climb again. The longest segment, from Nagoya to Hawaii, took almost 5 

days. 

 

The problem of solar-powered flight is simplified if the pilot and cockpit are removed. 

The Airbus Zephyr High Altitude Pseudo-Satellite (HAPS) [20] flew for 26 days, 

finally landing on August 8, 2018. It had a gross weight of only 75 kg (165 lb). Its 

daytime cruise altitude was 69,000 ft and minimum nighttime altitude was 55,000 ft. 

Solar-powered aircraft are not feasible for passenger-carrying, but they may be used 

for very long 

endurance 

surveillance, or other 

application currently 

carried out by 

satellites. Parametric 

weight estimation 

methods for pilotless 

aircraft are available 

from Gundlach [2].  
 

 

4. FUTURE AIRCRAFT ENERGY:  

 

One possibility is the use of nanoelectrofuel [21] using charged nanoparticles 

suspended in a water-like liquid, as shown in Fig. 13. The propulsion system will be 

similar to that of an aircraft with electric power from a hydrogen fuel cell. The 

hydrogen tank is replaced by separate tanks for positively- and negatively-charged 

fuel, and discharged fuel. Specific energy up to 750 Wh/kg may be achievable, and 

this could see application to short haul aircraft.  

 

For long-haul aircraft, the best option for reduced carbon emissions may be to recycle 

CO2 using carbon capture and fuel synthesis, possibly using alkane reverse 

combustion [22]. The resulting optimal fuel blend may a hydrocarbon that is not like 

kerosene, so this may involve combustion chamber modification, but is unlikely to 

affect design at the conceptual stage 

Source: http://www.bbc.co.uk/news/technology-26784438 

Figure 12  Airbus Zephyr 
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5. CONCLUSIONS 

 

A clear path to the future of aircraft propulsion is unknown, and this gives students 

many opportunities for innovative designs. They will have to do a significant amount 

of research, and much of the information is not yet available in textbooks. 

Fortunately, much of the required information is available on the internet, somewhere. 

For intra-city operations, all-electric battery-powered aircraft, either rotary-wing or 

tilt-wing, will become common. But there are plenty of opportunities for innovative 

concepts. For intercity operation, hybrid propulsion system are more likely. For long-

haul, hydrocarbon fuels will not be replaced in the foreseeable future.  . 
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