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Abstract 

  

 
 

Purpose – This presentation takes a critical look at various electric air mobility concepts. With a clear focus on 
requirements and first principles applied to the technologies in question, it tries to bring inflated expectations down to 
earth. Economic, ecologic and social (noise) based well accepted evaluation principles are set against wishful thinking. 
Design/methodology/approach – Aeronautical teaching basics are complemented with own thoughts and 
explanations. In addition, the results of past research and student projects are applied to the topic. 
Findings – Electric air mobility may become useful in some areas of aviation. Small short-range general aviation 
aircraft may benefit from battery-electric or hybrid-electric propulsion. Urban air mobility in large cities will give time 
advantages to super-rich people, but mass transportation in cities will require a public urban transport system. Battery-
electric passenger aircraft are neither economic nor ecologic. How overall advantages can be obtained from turbo-
electric distributed propulsion (without batteries) is not clear. Maybe turbo-hydraulic propulsion has some weight 
advantages over the electric approach. 
Research limitations/implications – Research findings are from basic considerations only. A detailed evaluation of 
system principles on a certain aircraft platform may lead to somewhat different results. 
Practical implications – The discussion about electric air mobility concepts may get more factual. Investors may find 
some of the information provided easy to understand and helpful for their decision making. 
Social implications – How to tackle challenges of resource depletion and environment pollution is a social question. 
Better knowledge of the problem enables the public to take a firm position in the discussion. 
Originality/value – Holistic evaluation of electric air mobility has not much been applied yet. This presentation shows 
how to proceed. 

© This work is protected by copyright 

The work is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License 
CC BY-NC-SA 
http://creativecommons.org/licenses/by-nc-sa/4.0 

Any further request may be directed to Prof. Dr.-Ing. Dieter Scholz, MSME 
E-Mail see: http://www.ProfScholz.de
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DGLR Background 
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DGLR Background 

Sonderausgabe 2017 

Electric / Urban Air Mobility 

in Magazine "Luft- & Raumfahrt" 



German Aerospace Congress 2019 
Darmstadt, 30.09. - 02.10.2019 

Dieter Scholz: 
Limits to Principles of Electric Flight 

Slide 5 
Aircraft Design and Systems Group (AERO) 

DGLR Background 

Ausgabe 1 / Januar – März 2019 

Electric / Urban Air Mobility 

in Magazine "Luft- & Raumfahrt" 
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DGLR Background 

Ausgabe 3 / Juli – September 2019 

Electric / Urban Air Mobility 

in Magazine "Luft- & Raumfahrt" 
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DGLR Background 

Ausgabe 3 / Juli – September 2019 

Electric / Urban Air Mobility 

in Magazine "Luft- & Raumfahrt" 
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DGLR Background 

Aus dem Vorwort von Prof. Henke der Ausgabe 3 / Juli – September 2019 

Electric / Urban Air Mobility in Magazine "Luft- & Raumfahrt" 

Ein Flug "ohne Abgase" ist zwar lokal mit einem vollelektrischen 
Fluggerät, nicht aber bei hybrid-elektrischen Antrieben möglich – erst 
recht nicht, wenn der Ladestrom der Batterien mit einbezogen wird (falls 
dieser nicht vollständig regenerativ verfügbar ist). 
 
Jede sich drehende Luftschraube ... erzeugt Lärm. 
 
Aktuell sind aber das Gewicht und die Kosten derart hoch, dass sowohl 
Nutzlast reduziert als auch Ticketpreise deutlich angehoben werden 
müssten ... 
 
Ein elektrischer Antrieb ... für alle Flugzeuggrößen mit ihren heutigen 
Reichweiten ist zurzeit schlichtweg noch (?) nicht realisierbar. 
 
Fazit: 

Wir benötigen ... Forschungsförderung (?)  
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Initial Thoughts 
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Initial Thoughts 

Gangoli Rao 2018 

Modes of Transportation and Income 
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Initial Thoughts 

Caldwell 2018 

Modes of Transportation and Income 

City Airbus, 4 passengers, 
endurance: 15 min. (Airbus 2017a) 

Max Pixel, CC0 

Waiting for the City Airbus? 
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Initial Thoughts 

Modes of Transportation and CO2 

based on Caldwell 2018 

CO2 = 106 g/km 

VW  Golf TDI 
4.2 l/100 km 
1440 kg 
118 kW 
= 0.082 kW/kg = 0.29 kW/kg                                                = 0.33 kW/kg 
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Initial Thoughts 

Predicting the Future 

A french 1899 forecast of "AERO-CABS" in the year 2000  (courtesy of Prof. Zhuravlev) 
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Contents 

Limits to Principles of Electric Flight 

• Selected Projects Evaluated – Media Hype?  

• Validation – Are We Doing the Right Thing? 

• Aircraft Design Basics 

• Aircraft Design for Electric Propulsion 

• Evaluation in Aircraft Design 

• Example 

• Summary 

• Contact 

• References 
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Selected Projects Evaluated – Media Hype?  
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Selected Projects Evaluated – Media Hype?  

Media Hype or Media Circus and Greenwashing 

Definition: 
A news event for which the level of media coverage is perceived to 
be excessive or out of proportion to the event being covered. 
(https://en.wikipedia.org/wiki/Media_circus) 

Definition: 
A form of spin in which green PR or green marketing is deceptively 
used to promote the perception that an organization's products, aims 
or policies are environmentally friendly 
(https://en.wikipedia.org/wiki/Greenwashing) 
 
Criteria (translated): 
Missing acts, borrowed plumes, hidden goal conflicts, lack of 
evidence, vague statements, wrong labels, irrelevant statements, 
lesser evil, untruths, Deep Greenwash 
(https://de.wikipedia.org/wiki/Greenwashing) 
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Kemp 2019 

Hype Cycle (by information technology firm Gartner) 

Selected Projects Evaluated – Media Hype?  
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Katz 2019 

A320 Successor ? 

? 

? 

! 

May 22 interview at the planemaker’s  

headquarters in Toulouse, France. 

Selected Projects Evaluated – Media Hype?  
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E-Fan X Hybrid-Electric Flight Demonstrator  (based on Avro RJ100 / BAe 146) 

Airbus 2018 

Airbus 2018 

? 

The project was announced on 2017-11-28 (Airbus 2017b/c). 
  

"Airbus will involve BAE Systems Regional Aircraft in the 
design of the modification ... to work together with the other 
partners to approve the modification and release the aircraft 
for flight under their Design Organisation Approval [DOA]." 
(E-Fan X project lead Olivier Maillard, Airbus 2018) 
  

Note: Airbus as aircraft manufacturer only adds a few 
electronic componets to the project. Batteries are bought. 

drag increase 

drag increase 

Airbus 2018 

Selected Projects Evaluated – Media Hype?  
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Rolls-Royce 2017 

E-Fan X Hybrid-Electric Flight Demonstrator 

? 

• Electric engines have at best the same mass as an aviation gas turbine. 
• The new propulsion system (gas turbine, generator, electric motor) has 
  at least 3 times the mass of the original propulsion system, which could do with only the gas turbine. 

More at RAeS: 
Robinson 2017 

* 

* Siemens eAircraft Unit 
   sold to Rolls-Royce in 2019 

Selected Projects Evaluated – Media Hype?  
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Caluclations by  
Benegas 2019, 
HAW Hamburg 

E-Fan X Hybrid-Electric Flight Demonstrator 

Evaluation Results: 

• Given aircraft => Wing area, maximum loads, mass (MTOW, MZFW) relevant for certification is fixed!  

• E-Fan X: Three Lycoming ALF 502 engines (old), one AE2100A turboshaft  (new) 

• New AE2100A gas turbine is slightly more efficient 

• Take-off requires less than 2.5 MW => no batteries required (therefore eliminated here to improve design) 

• Operating empty weight (OEW) increases => payload (MPL) decreases 

                                                                      => number of  passengers npax decreases  to 73 (from 82) 

• Direct Operating Costs (DOC) per passenger seat mile increase by about 10% 

 

Selected Projects Evaluated – Media Hype?  
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Airbus is giving false impression: 

"Among the top challenges for today’s aviation sector is to move towards a means of transport with 

improved environmental performance, that is more efficient and less reliant on fossil fuels. The 

partners are committed to meeting the EU technical environmental goals of the European 

Commission’s Flightpath 2050 Vision for Aviation (reduction of CO2 by 75%, reduction of NOx by 90% 

and noise reduction by 65%). These cannot be achieved with the technologies existing today. 

Therefore, Airbus, Rolls-Royce and Siemens are investing in and focusing research work in different 

technology areas including electrification. Electric and hybrid-electric propulsion are seen today as 

among the most promising technologies for addressing these challenges." 

 

Translated from German: "The hybrid drive offers advantages above all with regard to noise emissions 

and consumption. Incidentally, the e-turbine, which draws its power from a fossil fueled generator 

rather than a battery, is expected to consume a good 25 percent less." 

Airbus 2017b 

E-Fan X Hybrid-Electric Flight Demonstrator 

Focus 2017 

Selected Projects Evaluated – Media Hype?  
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easyJet Full Electric Aircraft (9-seat demonstrator: 2019) 

• Design for an easyJet-sized aircraft London - Amsterdam, Europe’s second busiest route, 
  is seen as a strong contender for full electric flying in the future. 
• easyJet ... confirmed progress ... towards its strategy to operate ... more sustainably and reduce noise from aviation. 
• US start-up company, Wright Electric, has commenced work on an electric engine that will power a nine seater aircraft. 
• Wright Electric partner Axter Aerospace already has a two seater aircraft flying, and the larger [nine seater] aircraft is 
  expected to start flying in 2019.  
• Work will commence on an easyJet-sized aircraft by aircraft designer Darold Cummings [Aerospace Consultant]. 
                                                                                                                                                                        (EasyJet 2018) 
 

More on Darold B. Cummings see under: CSULB 2016. 

Wright 2019 

Selected Projects Evaluated – Media Hype?  
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Seats:       2              9       > 100 
Year: 2018 (2016)       2019       < 2038? ** 
  
Source: Easy Jet 2018  
 
          * Axter does not mention the EasyJet project on its website!  
          * Wright Electric’s goal is for every short flight to be zero-emissions within 20 years (Wright 2019).  

? 

easyJet Full Electric Aircraft (9-seat demonstrator: 2019) 

Axter 2019 * 

Selected Projects Evaluated – Media Hype?  
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• One main pusher propeller at the tail and two pusher propellers at the wingtips to improve efficiency 
• 9 passengers (plus 2 pilots) up to 650 sm (1000 km) at a cruise speed of 240 kt 
• Li-lon battery: 900 kWh 
• MTOW: 6350 kg 
(https://www.eviation.co/alice as of 2019) 
 
• Battery mass is 65% of total aircraft mass (without payload) 
• Specific energy of battery is 400 Wh/kg [much too high] 
(https://www.eviation.co/alice as of 2017) 

Eviation Aircraft: Alice All-Electric Business and Commuter Aircraft 

• Service entry is expected in 2022 
• Maximum payload: 1250 kg (including pilots). 
  This is only 13.7% of MTOW (low due to batteries). 
• 183 kg cargo (with assumed 97 kg per person) 
• Direct Operating Costs (DOC): 200 USD 
  per flight hour with 11 person at 240 kt 
(Hemmerdinger 2019) 
 
Own calculations based on given data: 

• OEW: 2043 kg 
• battery mass: 3434 kg 
• OEW/MTOW = 0.32 (too low) 
• Specific energy of battery calc.: 285 Wh/kg (high) 
• L/D in cruise: 17.5 (based on 400 Wh/kg) 
• L/D in cruise: 24.5 (based on 285 Wh/kg) (too high) Sarsfield 2019 

won't  
meet 
spec 

Selected Projects Evaluated – Media Hype?  
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Zunum 2019 

ZUNUM Aero: Commuter Aircraft – Series Hybrid with Range Extender 

Selected Projects Evaluated – Media Hype?  
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ZUNUM Aero: Commuter Aircraft – Series Hybrid with Range Extender 

Warwick 2017 

Zunum 2019: 11500 lbs = 5216 kg 
Zunum 2019: 2500 lbs = 1134 kg 
= 363 kg (will give range of about 1250 km = 780 SM as specified) 
very low for battery electric flight 
 
 
= 295 kt this gives M = 0,49 in 25000 ft 
meant are 700 SM = 608 NM = 1126 km guaranteed by fuel !!! 
 
Zunum 2019: 
12 pax => 94.5 kg / pax (low) 
battery mass (@ 20% MTOW): 2300 lbs = 1043 kg 
OEW = 5900 lbs = 2676 kg 
OEW/MTOW = 0,51 (realistic) 
With 250 Wh/kg, L/D=18: battery range = 238 km = 148 SM 
 
 Aircraft flies only 21% of its range on batteries! 

Selected Projects Evaluated – Media Hype?  
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Diamond Aircraft Multi-Engine Hybrid Electric Aircraft (based on DA40) 

• First flight: 31st of October 2018 at Diamond Aircraft’s headquarters in Wiener Neustadt, Austria. 
• Two electric engines have been added on a forward canard, which combined can generate 150kW of take-off power. 
• The diesel generator is located in the nose of the aircraft and can provide up to 110kW of power. 
• Two batteries with 12 kWh each are mounted in the rear passenger compartment [taking two of the four seats!], and act 
  as an energy storage buffer.  
• Pure electric, the aircraft has an endurance of approximately 30 minutes. The hybrid system extends this to 5 hours. 
• The objective of future flight tests will be to determine the exact efficiency increase achieved in comparison to similar  
  non-electric aircraft. 
 
Remark: Direct Operating Costs (DOC) per passenger seat will roughly double with only 2 seats instead of 4! 

Diamond 2018 

Selected Projects Evaluated – Media Hype?  
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Validation – Are We Doing the Right Thing? 
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Validation – Are we Doing the Right Thing? 

Where is the market niche for short range, small passenger aircraft 
with (hybrid-) electric propulsion? 

Data source: Boeing 2018 

Boeing Commercial Market Outlook 2018-2037 

(Hybrid-) electric propulsion 

with small short range passenger 

aircraft will be in this niche market! 

Market value: 

1.7% in next 20 years – declining. 

Market Situation 
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Validation – Are we Doing the Right Thing? 

We know: 
• Electric propulsion suffers from large battery weight  / low specific energy. 
• Hybrid electric propulsion makes use of fuel with high specific energy,  
  but leads to rather complicated, heavy and expensive systems. 

"I am also much in favor of Electric 

Propulsion in aviation – once the 

problem with the Aerial Contact Line is 

solved!" 
  

(one of my engineering friends) 

Electric (Air) Mobility with/without Grid Connection? 
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Validation – Are we Doing the Right Thing? 

Put the aircraft on tracks! 

This replaces the Induced Drag by Rolling Friction 

• Aircraft: Induced drag is drag due to Lift = Weight. Train: Rolling Friction is also drag due to Weight. 
• Aircraft: For minimum drag, induced drag is 50% of total drag. 
• For the same weight, rolling friction of a train is 5% of the induced drag of an aircraft! 
• This means: For the same weight, drag of an aircraft is reduced by  47.5% if put on rails! 

Grid Connected Electric Mobility Operates Successfully on Tracks! 
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• Comparison air transportation versus high-speed rail 

 for a trip from Beijing Capital Times Square to Shanghai Hongqiao in China. 
• Despite the large spatial distance of more than 1200 km,  
 passengers using either mode arrive approximately at the same time. Probability of delays is less on the train. 

Validation – Are we Doing the Right Thing? 

China High Speed Rail (CHR) 

Beijing to Shanghai: 

• 1200 passengers per train 
• 1200 km distance 

• 350 km/h 
•  every 20 min. (an A380 every 10 min.) 
• usually fully booked 
• 88000 passengers per day (both directions) 
Example: Train number G1 

new: 13:28 

Connecting Adjacent Megacities – Beijing & Shanghai – Comparing Aircraft with Train 

Sun 2017 

Aircraft 

Train 
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Validation – Are we Doing the Right Thing? 

Many Possible Energy Paths for Aviation 

1. fossile fuel       =>  jet engine                no future solution 

2. bio fuel (algae, ...)    =>  jet engine                not sustainable 

3. regenerative electricity  =>  aerial contact line  =>  electric engine  not for aviation 

4. regenerative electricity  =>  battery       =>  electric engine  electric: only for short range 

5. regenerative electricity  =>  LH2        =>  jet engine     new infrastructure & planes 

6. regenerative electricity  =>  LH2   =>  fuel cell  =>  electric engine  see 5.; trade-off ! 

7. regenerative electricity  =>  PtL (drop in fuel)  =>  jet engine     same infrastructure & planes 

8. regenerative electricity  =>  PtL  =>  GT/Gen.  =>  electric engine  hybrid electric, heavy 

9. regenerative electricity  =>  PtL  =>  GT/Pump  =>  hydraulic motor  hybrid hydraulic , wait! 
  

PtL: Power to Liquid                       GT: Gasturbine;  Gen.: Generator 

 

 

 
 

Additional conversions & major aircraft parts: Solutions 6 (one more component) and 8/9 (two more comp.) 
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Validation – Are we Doing the Right Thing? 

• Physics favor trains over aircraft (low drag due to weight) => less energy, less CO2. 
• PtL for jet engines is big competition for any electric flight bringing regenerative energy into aircraft. 
• Hybrid propulsion has better applications than in aircraft. 
• Unpredictable political environment  for short range flights. 
• Aircraft are the only means of transportation over oceans long range. 

 Ships are too slow and hence no regular service, bridges and tunnels are limited in length. 

• Trains better on short range (less access time to station, less waiting time in station, ...). 
• Trains better to connect adjancent megacities over land up to medium range with high volume. 
 A380 is too small and unfit, because designed for long range. 

• Aircraft over land, if ... 
• long range, 
• short range and no train available due to low volume traffic 

• aircraft need less investment into infrastructure than (high speed) trains. 
 Construction costs for high speed trains: 5 M€/km to 70 M€/km (2005, Campos 2009) 

• alternative: rail replacement bus service 
• over remote areas, if no train is available (mountains, desserts, polar regions). 

  

So, again: 
Where is the market niche for short range, small passenger aircraft with (hybrid-) electric propulsion? 

Summing up the Considerations for Validation 
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Aircraft Design Basics 
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Aircraft Design Basics 

First Law of Aircraft Design 

In case of electric propulsion 
fuel mass is meant to be 
battery mass. 
 
Maximum Take-Off mass is 
a surrogate parameter for 
cost ! 

PayLoad:

massEmptyOperating:

massFuel:

massOffTakeMaximum:

PL

OE

F

MTO

m

m

m

m 
OEFPLMTO mmmm 

PLOEFMTO mmmm 
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Maximum Take-Off mass is a combination of PayLoad and Fuel mass 
(to reach maximum useful load) plus the Operating Empty mass of the aircraft: 
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Aircraft Design Basics 

• Requirements: 
• Take-off (engine failure) 
• 2nd Segment Climb (engine failure) 
• (Time to Initial Cruise Altitude, not shown in chart) 
• Cruise 

• Missed Approach (engine failure) 
• Landing 
 

Hypothetical matching chart (Scholz 2015) 

Several Design Requirements Considered Simultaneously with the Matching Chart 

• Thrust-to-Weight versus Wing Loading. 
  

• Graphical Optimization to find the Design 
Point. 

  

• Note: Some design features may not have 
an effect, if they influence a flight phase that 
has (in one particular design) no effect on 
the Design Point. 

• Heuristic for an optimum aircraft: 
• Lines from Take-Off, Landing and 

Cruise meet in one point 
• Move Cruise Line by selecting 
 1 xopt  1.31 for Vopt = xopt . Vmd 
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Aircraft Design for Electric Propulsion 
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Aircraft Design for Electric Propulsion 

• The "First Law of Aircraft Design" may have no solution. 
• No solution, if mMTO is infinity or negative. 
• No solution if mF / mMTO is too large: 

• range is too high, 
• specific energy of fuel or batteries is too low, 
• propulsion is inefficient, 
• aerodynamics are inefficient. 

• No solution, if mOE / mMTO is too large (typical value: mOE / mMTO = 0.5): 
• structure is too heavy 
• systems are too heavy 
• propulsion is too heavy 
 

• Maximum take-off mass mMTO is proportional to payload mPL .  
• Viability of electrical propulsion is not a matter of aircraft size. 
 Very large electrical aircraft would be possible (if technology is ready)! 
 
• Viability of electric propulsion is strongly a matter of 

• range and 
• specific energy. 

First Law of Aircraft Design    Consequences for Electric Propulsion 

 

MTO

OE

MTO

F

PL
MTO

m

m

m

m

m
m





1



German Aerospace Congress 2019 
Darmstadt, 30.09. - 02.10.2019 

Dieter Scholz: 
Limits to Principles of Electric Flight 

Slide 41 
Aircraft Design and Systems Group (AERO) 

• Engine Maintenance Costs: 
• Knowledge: Maintenance costs increase with number of engines. 
• Apparent fact: Maintenance costs increase strongly with number of jet engines. 
• Assumed: Maintenance costs increase only moderately with number of 

electrical engines. 
• Hence: A large number of engines can be used with little detrimental effect on 

maintenance costs, if engines are electrical (and hence simple!?). 
• A large number of engines reduces thrust requirements at engine failure (OEI) ...  

• during climb (if CS-25 interpretation is favorable  separate page) 
• during take-off (if CS-25 remains unchanged  separate page) 

• A large number of engines (distributed propulsion along wing span) ... 
• does not help to increase maximum lift coefficient considerations, because lift 

needs to be achieved also with engines failed, 
• does help to reduces wing bending and hence reduces wing mass. 

Savings due to a Large Number of (Electric) Engines? 

Aircraft Design for Electric Propulsion 
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CS 25.121 Climb: one-engine-inoperative 

(b) Take-off; landing gear retracted. 

 In the take-off configuration existing at the point of the flight path at which the landing gear is fully retracted, ... the steady 

gradient of climb may not be less than  

  2.4% for two-engined aeroplanes, 

  2.7% for three-engined aeroplanes and 

  3.0% for four-engined aeroplanes, 

  at V2 and with  - 

   (1) The critical engine inoperative and the remaining engines at the available maximum continuous power or thrust 

• It depends on the required climb 
gradient, sin g. 

• It is not defined today, how a One-
Engine-Inoperative (OEI) climb is 
treated by CS-25 with respect to sin g. 

• Many engines could also lead to 
increased thrust requirements!? 
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Savings due to a Large Number of (Electric) Engines? – Climb OEI: sin g 

sin g increased 

beyond 3% by 0,3%-
points per engine 

sin g kept constant 

at 3% for larger 
number of engines 

assumed:  
E = L/D = 20 

Aircraft Design for Electric Propulsion 

gradientclimb:sin

enginesofnumber:

onacceleratiearth:g

massOffTake Maximum:

thrustOffTake:

γ
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CS 25.107 Take-off speeds 

(a)(1) VEF is the calibrated airspeed at which the [one] critical engine is assumed to fail. 

 

CS 25.109 Accelerate-stop distance 

(a)(1)(ii) Allow the aeroplane to accelerate ... assuming the [one] critical engine fails at VEF 

 

CS 25.121 Climb: one-engine-inoperative 

 

• For a design with very many 
engines nE, EASA / FAA could 
re-define the thrust factor. 

• The number of engines 
assumed inoperative nE,inop 
could be increased: 

        nE,inop >1, for larger nE 
  

• 4 engines with 1 failed need a thrust 
factor of 1.33. 20 engines with 4 failed 
need a thrust factor of 1.25 – only 
slightly less. However, probability for 4 
engines failed from 20 is very low. 

• Applied, this could reduce the 
advantage of many engines. 
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Savings due to a Large Number of (Electric) Engines? – One Engine Inop or More? 

Aircraft Design for Electric Propulsion 
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• A large number of engines can be used to reduce the propeller diameter, D at 
constant disk area, A. This would only reduce propeller tip speed and tip Mach 
number Mtip and result in higher propeller efficiency at constant RPM. 
 
 
 
 
 
 

 

Savings due to a Large Number of (Electric) Engines? – Propeller Efficiency 

Aircraft Design for Electric Propulsion 

a

Dn

a

V
M

VUaUMaVM

Dn

V
JJVDn

DnDUVU

tip

tip

















//

///

2//


































2

2

2

2

1
1ln211

1
1ln12









Aq

T
prop

prop without wave drag (Truckenbrodt 1999) 

• A large number of engines can be used to increase total propeller 
disk area, A at constant  propeller diameter, D. Propeller ground 
clearance is kept. This leads to lower disk loading and hence 
higher propeller efficiency. 

 

U

= U/V  
follows from 
required  

However, Mtip is independent of D and only proportional to V. 
Smaller D requires larger RPM, n. 

advance ratio 
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Investigation of Propeller Area ... 

Aircraft Design for Electric Propulsion 

... at least 2 times bigger with only 4 engines 
instead of 8 engines! 

g g  gap 

length of landing gear, 
depends on 
number of engines. 
Alternatively: shift  propellers upwards, 
maybe mount on high wing. 

7.5° ground clearance 
 angle 

low  dihedral angle 

high  anhedral angle 

b  wing span 

depends on 
ICAO aerodrome reference codes 

24 m, 36 m, 52 m, 65 m, 80 m 
=> propellers should not exceed wing tip! 

g 
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... in Contrast Rolls-Royce thinks ... 

Aircraft Design for Electric Propulsion 

Translated from German: "For Rolls Royce, for example, a gas turbine uses a generator to produce the 

electricity used for electric motors and on-board functions. The aim is to save up to 35 percent of the 

emissions of an aircraft in this way by changing the aircraft design with numerous small, electrically 

driven propellers", says Ulrich Wenger, head of technology at the engine manufacturer. 

Rolls-Royce (NAS 2016) 

Rolls-Royce (NAS 2016) 
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Maximum Relative Battery Mass 
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this is equivalent to 
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Aircraft Design for Electric Propulsion 

technology parameter 

PayLoad:

massEmptyOperating:

massbattery:

massOffTakeMaximum:

PL

OE

bat

MTO

m

m

m

m 

Payload, m_PL calculated from "typical number of seats" from 
manufacturers seat layout and 93 kg/seat. Data points represent 
passenger aircraft most frequently in use with 19 seats or more. Note: 
Although the regression is quite good, physically m_PL/m_MTO is a 
function of range. 
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Maximum Range for Electrical Propulsion 

Aircraft Design for Electric Propulsion 
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The Major 6 Turbo / Electric / Hybrid Architectures 

Aircraft Design for Electric Propulsion 

NAS 2016 
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Ragone Diagram for Energy Storage Devices 

Aircraft Design for Electric Propulsion 

based on Geerling 2017 

Specific Power  [W/kg] 
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Energy Storage Suitable for Take-Off and Initial Climb 

Aircraft Design for Electric Propulsion 
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Collecting Aircraft Design Wisdom 

Aircraft Design for Electric Propulsion 

• Thrust levels depend on flight phase. Decreasing thrust for: 
 Take-Off   Climb  Cruise 
• Cruise thrust is 20% of take-off thrust 
• Climb  thrust is 80% down to 20% of take-off thrust  
 (50% on average) 
• Take-off thrust required for only 5 min.  
• Operating Empty Mass 50% of Maximum Take-Off Mass 
• Engine mass is 10% of Operating Empty Mass 
 

 
              Gas Turbine (GT) Electric Motor (EM) Hydraulic Motor (HM) 
relative component mass, mx/mGT  1.0      1.0       0.1 

efficiency,           0.35      0.9 (with controller) 0.9 (with controller) 
 
              kerosine (k)        battery (b)     accumulator (a) 
energy density, e        43 MJ/kg = 11900 Wh/kg   300 Wh/kg    5.0 Wh/kg 
specific exergy, b =  e                          4165 Wh/kg   270 Wh/kg    4.5 Wh/kg 
relative specific exergy,  bx/bk    1.0           0.065      0.01 
         bk/bx    1.0           15.4       926 
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Generic Evaluation of Turbo / Electric / Hydraulic Architectures 

Aircraft Design for Electric Propulsion 

• Reference Configuration 
 Kerosene feeds Gasturbine (turbofan) 
• All Electric 
 Component mass:  unchanged 
 Battery mass (exergy comparison): 15 times that of kerosene, with snowball effects ( 3) even more! 
• Turbo Electric: Gasturbine + Generator + Electric Motor  
 Component mass: 3 times mass of Gasturbine 

 Efficiency (from storage to propulsor): 0.9.0.9 = 81% that of reference i.e. 28% 
 Fuel mass: 1/0.81 = 1.2 that of reference 
• Turbo Hydraulic: Gasturbine (GT) + Pump + Hydraulic Motor (HM) 
 Component mass: now only 1.2 the mass of the gasturbine 
• Parallel Hydraulic Hybrid – hydraulic used only during take-off (accumulator filled again for TOGA) 
 Component mass: 0.8+0.2.0.1=> only 82% that of reference => OEW reduced by 1.8% 

 Assume 5h flight => 5% of energy is in accumulator. 
 Storage mass: 0.95 + 0.05/0.01= 5.95 that of reference => This idea does not work! 
 

 HM/Pump GT 

Tank Accu 
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Evaluation in Aircraft Design 
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Evaluation in Aircraft Design 

Economy 
profit, revenue, cost 

shareholder value 
market share 

Society 
human rights 
democracy 

equal opportunity    
infrastructure       

 

Environment 
resources & 

   pollution 

             bio-diversity 

sustain- 

ability 

worker's rights 
working & living conditions (e.g. noise) 

  business ethics, fair trade 
sponsorship 

resource efficiency 
(energy & material) 

: disaster control 
: access limitation 

The 3 Dimensions of Sustainability 

Sustainability Venn Diagram 

Underlined parameters are calculated 

for the proposed evaluation 
in aircraft design 
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Evaluation in Aircraft Design 

Evaluation: Purpose 
• evaluation of the aircraft for optimum design (definition of an objective function) 
• technology evaluation (on an assumed aircraft platform) 
• evaluation for aircraft selection (for aircraft purchase by an airline) 
  

Evaluation in the 3 Dimensions of Sustainability: Measuring Socio-Eco-Efficiency 
• Economic Evaluation 
• Environmental Evaluation 
• Social Evaluation 

Schmidt 2004 (BASF SEE) 

 Eco-Efficiency  Socio-Eco-Efficiency (SEE) 

Type of Evaluation  Method  
Economic    DOC 
Environmental   LCA 
Social    S-LCA 
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Kerosene Versus Battery in Flight 

Environmental Evaluation 
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Environmental Evaluation 

Altitude Dependent Equivalent CO2 

EMEP/EEA  Guidebook 
http://www.eea.europa.eu 

Own Fuel Calculation 

Species SGTPi,100 

CO2 (K/kg CO2) 3,58 ∙ 10-14 

Short O3 (K/kg NOx) 7,97 ∙ 10-12 

Long O3 (K/NOx) -9,14 ∙ 10-13 

CH4 (K/kg NOx) -3,90 ∙ 10-12 

Contrails (K/NM) 2,54 ∙ 10-13 

Cirrus (K/NM) 7,63 ∙ 10-13 

𝐶𝐹𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡 ,𝑁𝑂𝑥  ℎ =
𝑆𝐺𝑇𝑃𝑂3𝑠 ,100

𝑆𝐺𝑇𝑃𝐶𝑂2 ,100

∙ 𝑠𝑂3 ,𝑆(ℎ) +
𝑆𝐺𝑇𝑃𝑂3𝐿 ,100

𝑆𝐺𝑇𝑃𝐶𝑂2 ,100

∙ 𝑠𝑂3 ,𝐿(ℎ) +
𝑆𝐺𝑇𝑃𝐶𝐻4 ,100

𝑆𝐺𝑇𝑃𝐶𝑂2 ,100

∙ 𝑠𝐶𝐻4
(ℎ) 

𝐶𝐹𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡 ,𝑐𝑙𝑜𝑢𝑑𝑖𝑛𝑒𝑠𝑠  ℎ 

=
𝑆𝐺𝑇𝑃𝑐𝑜𝑛𝑡𝑟𝑎𝑖𝑙𝑠 ,100

𝑆𝐺𝑇𝑃𝐶𝑂2 ,100
∙ 𝑠𝑐𝑜𝑛𝑡𝑟𝑎𝑖𝑙𝑠 (ℎ) +

𝑆𝐺𝑇𝑃𝑐𝑖𝑟𝑟𝑢𝑠 ,100

𝑆𝐺𝑇𝑃𝐶𝑂2 ,100
∙ 𝑠𝑐𝑖𝑟𝑟𝑢𝑠 (ℎ) 

 

 

Species Emission Index, EI (kg/kg fuel) 

CO2 3,15 

H2O 1,23 

SO2 2,00 ∙ 10-4 

Soot 4,00 ∙ 10-5 
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An Excel-Based Life Cycle Tool 

Environmental Evaluation 

 

Freshwater ecotoxicity

Terrestrial ecotoxicity

Climate change

Ozone depletion

Terrestrial acidification

Human toxicity

Photochemical oxidant formation

Ionising radiation

Particulate matter formation

Freshwater eutrophication

Marine eutrophication

Agricultural land occupation

Water depletion

Natural land transformation

Mineral resource depletion

Urban land occupation

Fossil fuel depletion

Marine ecotoxicity

Damage to human health

Damage to ecosystem diversity

Damage to resource availability

Single Score
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  .
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  .
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5 kg

From 

Inventory via 

Midpoint Categories and 

Endpoint Categories to a 

Singel Score 

OpenLCA 
http://www.openlca.org 

ReCiPe 
http://www.lcia-recipe.net 

Inventory 

analysis 

results 

Midpoint categories 

Endpoint categories 

Johanning 2014, 2016, 2017 
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Example 
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Requirements

m MPL 19256 kg 0%
R MPL 755 NM -50%
M CR 0.76 0%
max(s TOFL , s LFL) 1770 m 0%
n PAX (1-cl HD) 180 0%
m PAX 93 kg 0%
SP 29 in 0%
Main aircraft parameters

m MTO 95600 kg 30%
m OE 54300 kg 32%
m F 22100 kg 70%
S W 159 m² 30%
b W,geo 36.0 m 6%
A W,eff 9.50 0%
E max 18.20 ≈ + 3%
T_TO 200 kN 38%
BPR 6.0 0%
h ICA 41000 ft 4%
s TOFL 1770 m 0%
s LFL 1450 m 0%
Mission requirements

R Mi 294 NM -50%
m PL,Mi 13057 kg 0%

m F,trip 7800 kg 72%
SS 0.0095 -45%

Results

Parameter Value
Deviation 

from A320
Environmental Evaluation 

Battery Powered A320 

• Only design solution with 
 Range reduced by 50% 
 => not a fair trade-off <= 
 
• Specific Energy: 1.87 kWh/kg 
• Energy density: 938 kWh/m³ 
• Batteries in LD3-45 container 
• 2 container in cargo 
 compartment 
• 13 container  forward and 
 aft of cabin 
• Fuselage streched by 9 m 
 to house batteries 

 
• MTOW plus 38% 
• Battery mass plus 79%  
 (compared with fuel mass) 
• On study mission (294 NM) 
 environmental burden (SS) 
 down by 45% 
 (EU electrical power mix) 
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25%

26%

14%

32%

1.3%

0.7%

0.6%

Crude oil CO2

Contrails/Cirrus NOx

Natural gas SO2

CH4
 

65%

29%

4.1%

1.1%

Cruise flight

Kerosene production

LTO-cycle

Energy gen. and cons. at airports
 

 

4.9%

52%

10%

10% 0.9%
8.6%

13%

Crude oil CO2 Natural gas

SO2 PM10 Brown coal

Hard coal
 

95%

3.6%

0.5%

Generation of electricity

Energy gen. and cons. at airports

Ground handling
 

 

Environmental Evaluation 

Battery Powered A320 

A320 Reference Aircraft 
• Contributions of In- and Outputs 
 on Single Score (SS) (left) 
• Considered Processes (right) 
• SS = 0.0173 points 
• CO2 = 0.0045 points in SS 
  
 
 
Battery Powered Aircraft 
• Contributions of In- and Outputs 
 on Single Score (SS) (left) 
• Considered Processes (right) 
• SS = 0.0095 points 
• CO2 = 0.0049 points in SS 

 
The battery powered aircraft 
 does not save CO2  
Generation of electricity 
 dominates SS. With regenerative 
 electricity: SS = 0.0008 points 
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Summary 
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• The most important parameters are specific energy (Wh/kg) for 
energy storage and specific power (kW/kg). 

• Jet fuel is an excellent way to store energy, with approximately 
13000 Wh/kg. 

• State of the art: 200-250 Wh/kg (2016). 
• The committee’s projection of how far the state of the art will 

advance during the next 20 years: 400-600 Wh/kg. 
• All-electric regional and single-aisle aircraft would be suitable 

only for short-range operations, and even then they would 
require a battery system specific energy of 1800 Wh/kg. 

• CO2 emissions from the source of electricity used 
 to charge the batteries. 
• Cost of new infrastructure at airports to charge aircraft batteries, 

new power transmission lines to airports and, potentially, new 
generating (power plant) capacity. 

• No electric propulsion concept will mature to the point to meet 
the needs of twin-aisle aircraft within the next 30 years.  
 

Summary Compiled from National Academies of Sciences (USA) 

NAS 2016 

Limits to Principles of Electric Flight 
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Recommendation of Related Video (in German) 

  
 
 
 

  
 
 
 

https://www.3sat.de/wissen/nano 
 

SENDUNG: MONTAG, 24. JUNI  2019, 18:30 
 

Wissen - 

Wie wird das Fliegen grün? 

 
Schmalrumpf-Flugzeuge, Elektro- und Hybridantrieb, Kerosin aus Sonnenenergie – 

die Flugbranche will nachhaltiger werden. Welche Technik ist am vielversprechendsten? 

 
Video (6 min.) verfügbar bis 24.06.2024, danach auf YouTube(?): 

https://www.zdf.de/wissen/nano/nachhaltiges-fliegen-100.html 
https://www.3sat.de/wissen/nano/nachhaltiges-fliegen-100.html 
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Contact 

info@ProfScholz.de 
 

http://www.ProfScholz.de 
 

http://AERO.ProfScholz.de 
 

Limits to Principles of Electric Flight 
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Validation – Are We Doing the Right Thing? 
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Validation – Are we Doing the Right Thing? 

Electric versus Hydraulic Hybrid Propulsion Geerling 2017 

(          ) 

(          ) 

In contrast to both of this: Aircraft have a very even load profile during most time of the operation! 
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Validation – Are we Doing the Right Thing? 

Electric versus Hydraulic Hybrid Propulsion Geerling 2017 

In contrast to this: Aircraft have a very even load profile during most time of the operation! 

HRB:       Hydrostatic Regenerative Breaking 

(Hybrid Hydraulic) 
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Environmental Evaluation 

(LCA) 
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An Excel-Based Life Cycle Tool 

http://Airport2030.ProfScholz.de 

LCA-AD 

http://doi.org/10.13140/RG.2.1.1531.0485 

Environmental Evaluation 

Johanning 2014 

Johanning 2016 
Johanning 2017 
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Operation

End-of-life

Wind tunnel
testing

Flight test
campaign

Material
production

Electric energy due
to computer use

Use of production
facilities

Production

Design &
Development

Energy generation
and consumption

at airports

Operation of ground
handling vehicles

Kerosene
production

Maintenance
Repair & Overhaul

LandfillReuse

LTO-cycle

Cruise flight

An Excel-Based Life Cycle Tool 

Processes Considered in the Life Cycle Analysis – Cruise Flight Dominates the LCA 

 

Environmental Evaluation 
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Social Evaluation 

(Noise) 
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Social Evaluation 

Aircraft Noise on Departure versus Arrival 

Dickson 2013 
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http://noisedb.stac.aviation-civile.gouv.fr 

Social Evaluation 

Noise Data (A321neo) 

Example Data from Database: 

Manufacturer AIRBUS 
Type A321 Version 272NX (neo)   NOISE CERTIFICATION STANDARD 
Engine Type PW1130G-JM   Noise Regulation ICAO Annex 16, Volume I 
Maximum Take-Off Mass: 80000 kg  Chapter or Stage 4  

2.) determine 
Minimum Margin: min(ni) 

1.) read 
Cumulative Margin: (ni) 

For newly developed aircraft use own measurements! 

Noise 
Certification 
Reference 
Points 
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http://noisedb.stac.aviation-civile.gouv.fr 

Social Evaluation 

Noise Data (TU 154) 

Example Data from Database: 

Manufacturer TUPULEV 
Type TU 154 M/D01    NOISE CERTIFICATION STANDARD 
Engine Type D-30KU-154     Noise Regulation ICAO Annex 16, Volume I 
Maximum Take-Off Mass: 92000 kg  Chapter or Stage 3  

2.) determine 
Minimum Margin: min(ni) 

1.) read 
Cumulative Margin: (ni) 

For newly developed aircraft use own measurements! 
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Social Evaluation 

Noise Emission Fees (NEF) 

Johanning 2012 has created a method to calculate globally the 
average noise charges per flight cn,f in a given year ny (e.g. 2018) 
based on data from 2011, taking into account inflation with pINF = 2% per year : 
 
 
 
 
With example data from database of A321neo: 
 
 
 
 
• These costs can be added to the Direct Operating Costs (DOC) of an aircraft. 
• These costs can also represent the social noise impact of an aircraft relative to another 

aircraft. Alternatively use the Cumulative Noise Level (sum of the 3 levels in EPNdB). 
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Social Evaluation 

Margins of the Cumulative Noise Level 

Indicated are the  
 

Cumulative Noise Limits according to the 
ICAO Noise Chapters as a function of 
Maximum Take-Off Mass 
  

"Cumulative" means the sum of the 3 
noise levels/limits in EPNdB from 
• Approach 
• Sideline 
• Flyover 

Dickson 2013 
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Social Evaluation 

Aircraft Noise 

Aircraft noise is external noise and internal noise (cabin noise). Considered here: is only external noise: 
•  Mechanical noise 

• engine (turbo jet, turbo fan, turbo prop, piston prop) 
• jet noise (exhaust) of jet aircraft – dominant for jets on take-off 
• fan blades (buzzsaw noise when tips reach supersonic speeds) 
• noise from compressor, combustion chamber, turbine, after burner, reverse thrust 
• propeller noise (tips reach supersonic speeds) – dominant for turbo props 
• combustion engine (and propeller noise)  – dominant for piston props 

• Aerodynamic noise 
• airframe noise from flow around the surfaces of the aircraft (flying low at high speeds) 

• wing 
• high lift devices (flaps, slats) – dominant for jets on approach 

• tails with control surfaces 
• fuselage 
• landing gear – dominant for jets on approach 

• sonic boom 
• Noise from aircraft systems 

• Auxiliary Power Unit, APU (important only at the airport) 

Understand which noise source is dominant. 

Substancial overall noise reduction can only be achieved, 

if the dominat noise source is made less noisy. 
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