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Abstract. Serial hybrid-electric propulsion systems combine the advantages of combustion 

engines and electric motors. Additionally, they offer new design freedom. In the medium term, 

this technology might be the solution to more eco-friendly aviation. In this paper, the key 

technology parameters of general aviation aircraft with such powertrains are analyzed 

concerning their influence on maximum take-off mass and primary energy consumption. 

Besides, technological thresholds will be identified. It is found that a power-to-weight ratio 

increase of electric motors does not yield as large improvements as expected and that fully 

electric powertrains are the best solution for aircraft designed to minimum primary energy 

usage once a certain battery energy density is exceeded.  

 

ABBREVIATIONS 

cD = Coefficient of drag  ICE = Internal combustion engine 

cL = Coefficient of lift  MSL = Mean sea level 

DEP = Distributed electric propulsion  MTOM = Maximum take-off mass 

DoH = Degree of hybridization  ND = Not defined 

DP = Design point  PEC = Primary energy consumption 

EM = Electric motor  PEF = Primary energy factor 

GA = General aviation  P/W = Power-to-weight ratio 

HP,SH = Degree of hybridization of power      

a for serial hybrids 

 W/S = Wing loading 
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INTRODUCTION 

Environmental awareness, and as a result interest in cleaner, more eco-friendly aviation grew rapidly 

over the last decades. While challenging goals for transport aircraft manufacturers and operators were 

set, for example in Flightpath 2050 published by the European Union [1], these developments did not 

affect the general aviation (GA) market much. The technology of most aircraft flying today was 

developed in the last century. While there are a few new aircraft with alternative propulsion concepts 

[2] [3], the majority features conventional propulsion systems. In the long term, fully electric propulsion 

will play a big role, but the technology is not yet ready. Batteries are still inferior in comparison to fossil 

fuel in terms of energy density [4] [5] but as they improve there will be more and more fully electric 

aircraft for the whole range of applications.  

The medium-term solution might be aircraft with serial hybrid-electric propulsion systems. They offer 

the possibility to combine the advantages of both propulsion methods — the high energy density of 

fossil fuel and the high power-to-weight ratio of electric motors. In comparison to the parallel hybrid-

electric powertrain, they also offer new design freedom, which enables, for example, the use of concepts 

like distributed electric propulsion (DEP) [6] or boundary layer ingestion [7]. This is possible as the 

electric motors (EMs) are not mechanically coupled to the internal combustion engine (ICE) (see Figure 

1). Together with their light weight, they could be placed nearly everywhere without major 

disadvantages concerning, for example, the center of gravity or the strength of the structure.  

In this paper, the impact of electric propulsion technology levels will be assessed concerning the 

aircraft's maximum take-off weight (MTOM) as well as primary energy consumption (PEC). The results 

will be obtained from an initial sizing tool, which was specially developed to deal with hybrid-electric 

powertrains. The studies will be based on two generic four-seat GA airplane, the first one being a 

conventional design with a serial hybrid-electric powertrain, in the class of the Cessna 172S. The second 

one will be an aircraft with the same mission specifications, but this one will make full use of the design 

freedom of a serial hybrid-electric propulsion system as it features a DEP concept, boundary layer 

acceleration, and wingtip propellers to decrease drag.  

Starting from three different technology levels, representing 2025, 2035 and 2050, sensitivity studies 

for multiple technology parameters will then be conducted to analyze their influence and to identify 

technological thresholds. At a potential threshold, the benefit of improving a technology does not yield 

much improvement on the aircraft level anymore. The parameters are the energy density and power 

density of the batteries, the power-to-weight ratio of the ICE and EM, which is also used for the 

generator, and the efficiency of the electrical propulsion system.  

Following this introduction, the methodology of the tool that is used for the studies will be briefly 

described. Next, the specifications of the baseline aircraft will be described in detail as well as the 

technology parameters and the assumed values for the different technology levels. Then, the sizing of 

the baseline aircraft to the different technology levels will be described followed by the results of the 

parameter variation studies which will be presented and discussed. Finally, the paper closes with a 

comprehensive conclusion.  

 

Figure 1 - Parallel vs. Serial Hybrid 
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METHODOLOGY 

PreHyST – Initial Sizing Tool for Hybrid-Electric Aircraft 

Initial sizing is a very important step in the early phase of the design of a new aircraft [8]. For the first 

time, important measures like MTOM, wing area or installed power will be calculated. All following 

design phases will be based on those numbers, which gives the initial sizing a high significance in the 

overall context of the aircraft design process.  

The classical initial sizing methodologies [8] [9] [10], which use fuel fractions and the Breguet range 

formula to determine the MTOM, do not work for aircraft with hybrid-electric powertrains. Therefore, 

the initial sizing tool PreHyST, that is capable of sizing those aircraft was developed at FH Aachen. 

The methodology is explained in detail in [11] and has been used and validated in multiple other studies 

[12] [13] [14]. For a better understanding of the results of this study, the methodology will be briefly 

described in the following.  

The methodology has the same basic structure as sizing tools for conventional aircraft, as it is divided 

into a point performance and mission performance part. The input parameters for both parts are also 

similar to those needed for a conventional method. However, a few additional parameters that define 

aspects of a hybrid-electric propulsion architecture are needed.  

The point performance evaluation part is modified, but the well known matching diagram is retained. 

The new methodology allows to determine the Degree of Hybridization (DoH) of the aircraft with the 

help of the matching diagram. This is done by introducing the ‘split point’ as a measure for the DoH of 

Power of the aircraft in addition to the design point. The DoH of Power is defined in Equation 1. 

𝐻𝑃,𝑆𝐻 =
𝑃𝐸𝑀

𝑃𝐼𝐶𝐸
      (Equation 1) 

The overall power-to-weight ratio or design point is chosen according to the design line, the highest 

constraint for each wing loading, and the split point represents the split of the installed power between 

ICE and EM. How this is interpreted for a serial hybrid powertrain can be seen in Figure 2. In general, 

this methodology tries to size the ICE for a constant load, while energy and power from batteries are 

only used to boost the ICE in phases with higher power demand. In the matching diagram, this can be 

interpreted the following way: Constraints and their corresponding flight phases that are above the split 

point will also utilize energy and power from batteries and constraints below will be solely based on 

the ICE.  

 

Figure 2 - Matching Diagram with Split Points for Serial Hybrids 

 

 

 

 

1102

Peer Reviewed



The major difference lays within the mission performance part of the methodology. As already stated 

above, the approach via fuel fractions and the Breguet range formula does not work for hybrid electric 

aircraft because of the possible utilization of two different propulsion technologies, respectively energy 

sources. Therefore, this methodology splits the whole flight mission into finite time steps and simulates 

each time step with respect to the power demand, totally needed energy and DoH of Energy (see [11] 

and Equation 2), hence amounts of energy from the different sources. 

𝐻𝐸,𝑚𝑒𝑎𝑛 =
𝐸𝑛𝑜𝑛−𝑐𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒

𝐸𝑡𝑜𝑡𝑎𝑙
      (Equation 2) 

Those are divided into consumable (burned fuel, aircraft loses weight) and non-consumable (batteries, 

constant weight). Required fuel and battery masses are the result of each step and will be summed up 

throughout the entire mission, including a surcharge for trapped fuel (+6%) or deep discharge protection 

(+20%) respectively. In the end, the empty mass without the propulsion system, the weight of the 

propulsion system, the energy carrier masses, and all other masses that make up the gross weight are 

summed up to a new MTOM, and the iteration starts all over again.  The iteration stops, when a certain 

mass convergence, defined by a stopping criterion, is reached. The whole process is depicted in Figure 

3. 

The converged aircraft can be analyzed concerning several measures of merit. The most obvious is 

MTOM, which can also be used as a surrogate for cost [15]. Besides, it was found that for a given set 

of top-level aircraft requirements, the lightest aircraft performed best over a range of operating 

conditions [16].  

Another suitable measure for assessing aircraft is their energy consumption. However, if only the energy 

consumption during the flight is assessed, the environmental impact of each flight is not fully captured. 

The reduction in efficiency that is caused by sourcing energy and delivering it to the aircraft must be 

accounted for. This can be done by primary energy factors.  

Primary energy is a measure for the total energy that was expended to extract the energy from natural 

resources and to provide the extracted energy to the consumer. Gasoline fuel, for example, has to be 

refined from raw oil, which needs to be extracted from oilfields. The energy to produce the fuel is 

summed up in the primary energy factor (PEF). The factors for Germany are 1.1 for fossil carbon-based 

fuel and 2.8 for electricity (data from [17], dated 2016). The factor for electricity is that high, because 

of the composition of electricity. Coal burning and nuclear power plants have a big share, which have 

a high PEF, as the thermal efficiency of the power stations needs to be accounted for. 

 

 

Figure 3 - Sizing Process for Hybrid Electric Aircraft 
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Baseline Aircraft Specifications 

The aircraft design process is started with a set of specifications representing a baseline aircraft. In this 

case, the two baseline aircraft are generic unpressurized GA aircraft supposed to carry 340 kg of payload 

over 1000 km at a speed of 60 m/s and an altitude of 2500 m during cruise, respecting necessary 

reserves. The whole flight mission consists of a taxi phase of 4 minutes, followed by the take-off from 

mean sea level (MSL) with a duration of 1 minute. For take-off, the maximum power setting is assumed. 

Following the take-off, climb, at a reduced power of around 80 % of maximum power, is performed, 

up to 2500 m above MSL. The cruise flight phase follows, with the specifications stated above. Next, a 

loiter phase of 45 minutes to account for the mentioned reserves. Last phases are the descent back to 

MSL, a landing and another short taxi phase. Hence, its mission is comparable to the conventionally 

powered 4-seater Cessna 172S, which has an MTOM of 1157 kg. A conventionally powered aircraft 

sized to those specifications with the methodology mentioned above is in the range of the 172S with an 

MTOM of 1277 kg (PEC 7663 MJ), which is approximately 10 % deviation. This can be attributed to 

a different empty mass fraction, as the tool calculates this from statistical data and does not match the 

original value, and to differences in the specifications for the baseline aircraft in comparison to the 

Cessna 172S. All baseline aircraft specifications are also listed in detail in Table 1.  

 

Requirements  Mission  

Take-off Ground Roll [m] 300 Taxi 4 min 

Rate of Climb at MSL [m/s] 5 Take-Off 1 min @ MSL, full power 

Stall Speed [m/s] 28 Climb to 2500 m, 80% power 

Cruise Speed [m/s] 60 Cruise for 1000 km, 60 m/s 

Payload [kg] 340 Loiter for 45 min, 40 m/s 

Aerodynamics  Descend to MSL 

CD0 [counts] 290 Landing @ MSL 

CL,max  [ - ] 2 Taxi 4 min 

CL,TO   [ - ] 1.2   

Induced Drag Factor k [-] 0.0531   

Table 1 – Baseline Aircraft Specifications 

Technology Levels 

As mentioned, the studies will be conducted starting from three different technology levels. The first 

technology level represents technology that can be realized in near-term future. The second level 

represents technology that should be available in the year 2035. The third level should be reached by 

the year 2050. The same levels and assumed values for the technologies are used in [18]. The assumed 

values are all listed in Table 2.  

 

Technology Level 1 2 3 

Battery Specific Energy (E*bat) [Wh/kg] 250 400 1000 

Battery Specific Power (P*bat) [kW/kg] 2.5 4 10 

E-Motor Specific Power (P*EM) [kW/kg] 5 7.5 15 

ICE Specific Power (P*ICE) [kW/kg] 1 1.05 1.1 

Specific Fuel Consumption (BSFCmin) [g/kW/h] 350 350 350 

E-Motor Efficiency (ηEM) [-] 0.95 0.97 0.98 

Battery Efficiency (ηbat) [-] 0.98 0.98 0.99 

Controller Efficiency (ηController) [-] 0.98 0.99 0.99 

Propeller Efficiency (ηPropeller) [-] 0.8 0.8 0.8 

PEF of Electricity [-] 2.1 1.9 1.8 

Table 2 – Technology Levels 

The technology described for the first level is at least at a technology readiness level of 6 [19]. Lithium-

ion batteries with a specific energy of 250 Wh/kg can be realized today [20]. However, their specific 
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power is still too low and progress needs to be made. Although physicochemical limits of standard 

electrode materials are expected to restrict the specific energy of lithium-ion cells to a maximum of 400 

Wh/kg [21], in long term future, there are more promising battery systems which might potentially be 

used. One of which is the lithium-sulfur battery, which is expected to reach around 1000 Wh/kg [22]. 

Properties of other electric propulsion components are determined for each technology level in 

accordance to [19]. The battery specific power is adjusted to keep the battery discharge rate at a constant 

value of 10 C for each level. ICE specific properties are altered only in a minor extent as the combustion 

technology is assumed to be close to its optimum already. With increasing technological standards, also 

the energy supply itself will get more environmentally friendly. Following, the PEF of electricity is 

expected to decrease throughout the technology levels with according to the data presented in [23].  

Sizing Results Hybrid-Electric Aircraft Non-DEP Design 

In this section the sizing results of the first baseline aircraft to all three technology levels are presented.  

The first baseline aircraft is a conventional design with a serial hybrid-electric powertrain sized to the 

specifications with the goal of a minimum MTOM and weighs approximately 1564 kg and is therefore 

significantly heavier its conventionally powered competitor with its MTOM of 1277 kg. It consumes 

10121 MJ of primary energy per flight. The matching diagram for the specifications with the design 

and split point of this serial hybrid aircraft is depicted in Figure 4. As stated in [14], the best design for 

serial hybrid-electric aircraft does not follow the conventional rule for choosing the design point, which 

states lowest P/W as a first priority and a high W/S as second priority. As can be seen in this case, the 

highest W/S was chosen, given the higher priority, even if the P/W is significantly higher than for the 

conventional design point.  

Contrary to the results in [14] where the best split 

point was always just above the cruise constraint, 

in this case, it is located shortly underneath. This 

is because the power density of the batteries is the 

restricting factor for this design and not the 

energy density. Hence, there is energy left in the 

batteries that would not be needed for a split point 

just above the cruise constraint with the same 

power demand to the batteries, as the take-off 

phase is decisive for this value. The split point just 

underneath the cruise constraint yields a lighter 

aircraft as the excess energy is completely 

consumed during the cruise and as a result, less 

fuel has to be burned. If an aircraft with the same 

specifications is sized with the goal of minimum 

PEC, the same aircraft results.  

This baseline serial hybrid-electric aircraft was 

also sized for the second and third technology 

level. Just as for the first level, once to the goal of 

minimum MTOM and once minimum PEC. All 

results can be found in Table 3.  

 

Technology Level 1 2 3 

Objective MTOM PEC MTOM PEC MTOM PEC 

MTOM [kg] 1564 1564 1369 1369 1237 1794 

PEC [MJ] 10121 10121 8598 8598 7687 4084 

W/S [N/m²] 960 960 960 960 960 960 

P/W [W/kg] 149 149 149 149 149 149 

HP,SH [-] 1.90 1.90 1.90 1.90 1.90 ND 

HE,mean [-] 0.0388 0.0388 0.0388 0.0388 0.0388 1 

mBat [kg] 107.19 107.19 56.88 56.88 20.14 787.76 

Table 3 – Sizing Results Non-DEP Design 

Figure 4 - Matching Diagram Non-DEP Design 

Level 1 

1105

Peer Reviewed



As one would expect, the MTOM and PEC decrease with increasing technology level. For the first two 

levels, the same design fulfills the objective of lowest MTOM as well as lowest PEC. For both levels, 

it is the same design and split point. For the third level, different designs emerge for the different 

objectives. The design with the lowest MTOM has still the same design and split point as the design 

from the first two levels. Only the aircraft designed to lowest PEC has a different split point but still 

shares the design point with all the other designs. It has an infinitely high degree of hybridization, 

meaning the split point is located at the bottom of the matching diagram, the whole flight is based on 

electricity from the batteries (1000 Wh/kg for this level), and hence the aircraft is fully electric. 

Sizing Results Hybrid-Electric Aircraft DEP Design 

In this section, the second baseline aircraft and its results for the three technology levels are presented.  

The second baseline aircraft is based on the same same mission, technology assumptions, and 

specifications. The difference is that it features a DEP concept and a pusher propeller at the aft fuselage 

to accelerate the boundary layer, as well as propellers at the wing tips to decrease induced drag. The 

same assumptions were used in [14]. It could be interpreted as a hybrid of the C172 and the features of 

the NASA X-57 [24] and the Eviation Alice [25]. This is done to account for the additional design 

freedom and possibilities a serial-hybrid powertrain enables and to be competitive to an aircraft with a 

parallel hybrid-electric powertrain. The values that changed in comparison to the first baseline aircraft 

(conventional non-DEP design) are the zero-lift 

drag coefficient, to account for the reduced drag, 

and the maximum lift coefficient as well as the 

lift coefficient for take-off, to account for the 

DEP concept. The induced drag factor is not 

changed. The new values are listed in Table 4. 

The new zero lift drag coefficient is going to 

lower all constraints, and the new lift 

coefficients are going to affect the stall speed 

constraint, which will open the design space to 

much higher wing loadings, and the take-off 

distance constraint, which will be significantly 

lowered as well. The new matching diagram is 

depicted in Figure 5. The results of the baseline 

sizing for the three different levels for this 

second baseline aircraft can be found in Table 5.  

 

Aerodynamics 

CD0 [counts] 250 

CL,max  [ - ] 4 

CL,TO   [ - ] 2 

Table 4 – Changed Values for DEP Design 

 

Technology Level 1 2 3 

Objective MTOM PEC MTOM PEC MTOM TPE 

MTOM [kg] 1335 1354 1220 1235 1134 1592 

PEC [MJ] 7777 7705 6880 6808 6433 3378 

W/S [N/m²] 1258 1271 1286 1270 1355 1128 

P/W [W/kg] 104 104 105 104 111 102 

HP,SH [-] 1.42 1.31 1.41 1.30 1.54 ND 

HE,mean [-] 0.0295 0.0232 0.0295 0.0225 0.0341 1 

mBat [kg] 64.20 65.26 35.69 36.05 15.12 651.56 

Table 5 – Sizing Results DEP Design 

 

 

Figure 5 – Matching Diagram DEP Design  

Level 1 
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Again, just as for the first baseline aircraft, the MTOM and PEC values decrease with increasing 

technology level. This time, the design point varies a little for the different objectives and levels. In 

general, design and split point for the first two levels and the design to lowest MTOM for the third level 

are in the same region. The design point is located around the intersection of take-off and rate-of-climb 

constraint and the split point around the cruise constraint. Exemplarily, design and split point for level 

one and lowest MTOM are depicted in Figure 5. Only the design to lowest PEC for the third technology 

level differs significantly as we have a fully electric aircraft as the best solution again. This fully electric 

aicraft comes at the price of a significant increase in MTOM though, as can be seen in Figure 6. Figure 

6 also gives an overview of the results of both baseline aircraft over all technology levels. It can be seen 

that the second baseline aircraft is lighter or has a lower PEC consumption in all cases, as one would 

expect. The trends of MTOM and PEC over the technology levels are similar for both baseline aircraft.  

 

PARAMETER VARIATIONS 

In the following the results of the parameter variation studies are presented and discussed. The 

parameter variations are conducted in a partial derivate sense, meaning only one technology parameter 

is changed while all others are held constant, but a new best design and split point is searched for each 

value. Preliminary results showed that if the design and split point were also held constant, no 

meaningful results were achieved, as the design and split points are only the best solution for their 

specific set of inputs. This emphasizes the importance of a new exploration of the design space for serial 

hybrid-electric aircraft and that the conventional rule for choosing the design point is not valid anymore.  

For both aircraft, these variations were conducted starting from the three technology levels. The results 

of the parameter variations concerning the lowest MTOM are depicted in Figure 7. Figure 8 shows the 

same variations with the objective of minimum PEC. Each column in both figures represents one 

technology level, starting with Level 1 on the left, Level 2 in the middle and Level 3 on the right. Each 

plot contains six lines. One solid line for each baseline aircrafts MTOM or PEC on the left axis, two 

dashed lines for the HE,mean values on the right axis. The red line is the Non-DEP design, the black line 

the DEP design. Vertical dashed lines mark the baseline value for each technology level, the horizontal 

dash dot lines the MTOM or PEC of the fully conventional aircraft that was once sized to the same 

specifications. Several plots show a trend that looks like a ‘knee’. For example the battery specific 

power in Figure 7. There is a high gradient, a high dependency of the MTOM from this parameter up 

to a value of around 2.5 kW/kg. For higher values, very small changes in MTOM occur only, the curve 

flattens out. This can be interpreted as a so-called ‘technology frontier’ [19] or technological threshold. 

Until the gradients reduce, a small change makes a huge difference concerning MTOM or PEC, but 

after these key points huge improvements are needed for only small differences in MTOM or PEC.  

The first thing that stands out is that the Non-DEP design always performs worse than the DEP design. 

The results from the baseline aircraft sizing suggest this already, here it is confirmed that there is no 

case in the analyzed parameter ranges where this changes.  

Figure 6 – Baseline Aircraft Sizing Results to MTOM and PEC over Technology Levels 
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Figure 7 – MTOM Sweeps  
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Figure 8 - PEC Sweeps  
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E-Motor Efficiency 

The efficiency of the electric motor shows the same trend, slight decline, for all technology levels and 

both objectives. The gradient itself is different, it decreases with increasing technology level. Only the 

technology level 3 for minimum PEC shows an abnormality. The curves show the same trend but lay 

significantly lower, as this aircraft is a fully electric one as already mentioned in the baseline aircraft 

sizing part and as can be seen by the HE,mean values. The baseline values are already quite high, therefore 

improvements smaller 10 %, concerning MTOM and PEC, are only possible if an efficiency of 100% 

would be reached, which is physically not possible.  

ICE Specific Power 

The variations of the power-to-weight ratio of the ICE show the same trend as for the efficiency of the 

electric-motor, a steady decline of both objectives with increasing values. Again, the aircraft for 

technology level 3 and minimum PEC stands out as it shows no dependency on this parameter at all, 

which makes sense as it is a fully electric aircraft hence it has no ICE. The improvements from the 

baseline to the maximum value of 1.2 kW/kg are also quite small, less than 5 % for all cases. The 

gradient does not flatten out, though, meaning if the technology would reach higher values than 

analyzed in this study, the MTOM or PEC could be further decreased. Higher values could be reached 

by turboprop engines but would come at the price of higher specific fuel consumptions.  

EM Specific Power 

Increasing the power-to-weight ratio of electric motors decreases both design objectives. The gradient 

is not consistent, as for the efficiency or ICE parameter variations. For values in the lower range, high 

improvements can be achieved, but for higher values, the gain diminishes. Hence this is the first 

parameter variation that shows a technological threshold. For both objectives, it is located between 5 

and 8 kW/kg, 5 kW/kg being the baseline value for the first technology level, meaning that this 

technology can already be realized today.  

The reason for the behavior of this parameter is the already relatively high value in comparison to ICEs, 

which leads to relatively small changes in the overall weight composition of the aircraft.  

Battery Specific Power 

Battery technology is often claimed to be of highest importance when it comes to electric propulsion. 

The studies show that the specific power of batteries, which states how much power can be drawn from 

a battery of a certain size, has a strong influence on the objectives, at least up to a certain value. Hence 

we have another technological threshold. The threshold is located around 2-4 kW/kg for all levels and 

objectives which show this behavior. The aircraft for technology level 3 and minimum PEC show no 

dependency from this parameter. As mentioned, this is a fully electric aircraft, hence the battery size is 

significantly bigger than for all other cases, as can be seen in Table 5, and therefore the specific power 

that can be drawn is not the limiting factor but rather the energy density. The same circumstances are 

valid for higher values for the other cases where the influence of the specific power decreases and 

sometimes even vanishes completely because the batteries are no longer sized to the specific power 

requirement, but the energy density is the restricting factor now.  

The HE,mean values are higher for the low specific power values as the batteries are bigger for these cases 

hence more electric energy is available and less fuel has to be used which lets the HE,mean value increase. 

Battery Specific Energy 

This parameter variation yielded different results for the different objectives. For the variation with 

minimum MTOM as objective, the MTOM decreased nearly linearly with increasing energy density 

over a broad region of the value range. The gradient decreases with increasing technology level but 

does not really flatten out, hence no technological threshold can be identified in this range. Only for 

very small values, the trend is not nearly linearly but rather quadratic, for decreasing energy densities a 

significantly increasing MTOM can be observed. The irregularities in the graphs come from the finite 

resolution of the search pattern with which the best design and split point were searched.  

For the objective of minimum PEC a different result emerged. Up to a value of around 700 Wh/kg, the 

trend is a very slight decline or nearly a stagnation of the PEC. The batteries for the aircraft in this range 

are quite small, as can be seen in Table 5, and therefore not much weight and energy can be saved by 
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improving battery technology. Additionally, the specific power of the batteries might be the decisive 

factor for some designs, hence the energy density does not play a role at all. For higher energy density 

values, a sudden drop occurs with a steep gradient, which then decreases again. Baseline values for 

technology levels one and two are on the left of this drop while the value for level 3 is right of the drop. 

The drop represents the change from serial-hybrid electric aircraft to fully electric ones, as can also be 

seen from the HE,mean values. As the fully electric aircraft have much heavier batteries, the potential for 

improvement is much higher, and the PEC can drop significantly. This behaviour shows that around the 

value of 700 Wh/kg the whole efficiency chain concerning primary energy of an all-electric powertrain, 

with the relatively high PEF of electricity and high efficiencies of batteries, controllers and motors, is 

superior to the efficiency of a conventional powertrain with the low PEF for fuel but also low efficiency 

of the ICE. But the fully electric aircraft come at the price of significant increases in MTOM, as can be 

seen in Figure 9, where the MTOM is displayed for the objective of minimum PEC over the battery 

energy density. At a value between 1000 and 1300 Wh/kg in Figure 8, there could be a technological 

threshold, but as no values higher than 1500 Wh/kg were analyzed no well-grounded statement can be 

made as it is unclear how the trend proceeds. Besides, these values will not be reached any time soon.  

 

Technology Level 1 Level 2 Level 3 

   

 

Figure 9 – PEC and MTOM for Battery Specific Energy Sweep with Objective min. PEC 

CONCLUSION 

In this paper, the effects of multiple technology parameters on MTOM and PEC were analyzed. The 

studies were conducted for serial hybrid-electric GA aircraft in the class of a Cessna 172S. The 

parameter variations were started from two different baseline aircraft. The first one being a conventional 

design with a serial hybrid-electric powertrain and the second one a design that was adapted to the 

powertrain and made use of the new design freedom by integrating a DEP concept as well as propellers 

at the wing tips and aft fuselage to decrease drag. The parameter variations showed the same trends for 

both baseline aircraft.  

The electric motor efficiency was identified as a technology that is already at a high level. Nevertheless, 

improvements up to 10 % in MTOM or PEC can be achieved by improving this technology to its 

maximum. The power-to-weight ratio of ICEs showed a steady decline in MTOM or PEC for improving 

technology, but for the analyzed range, no improvements greater than 5 % could be achieved. The 

variation of the power-to-weight ratio of electric motors showed that this technology might already be 

at its technological threshold, and further development does not yield great improvements anymore as 
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the gradient of the curves for MTOM and PEC significantly decrease for values higher than 8 kW/kg. 

On the other hand the curve does not flatten out completely, as for the battery specific power variation, 

meaning that improvements are still possible, but only in the range of a few percent . Battery technology 

was confirmed to be the primary field, where improvements yield high gains. The type of studies where 

only one technology parameter was varied at a time prohibits precise statements if the energy density 

or specific power is more important as combinations of both would have to be analyzed to do so.  

An interesting finding was that starting from a battery energy density of around 700 Wh/kg for the 

objective of minimum PEC fully electric aircraft were the best solution. This confirms that the hybrid-

electric powertrain is only a medium-term solution and that fully electric GA aircraft should be the way 

to go in long-term future.  

REFERENCES 

 

[1]  European Commission, Flightpath 2050, Luxembourg: Publications Office of the European 

Union, 2011.  

[2]  “Pipistrel Panthera,” [Online]. Available: https://www.panthera-aircraft.com/. [Accessed 01 July 

2019]. 

[3]  “Bye Aerospace eFlyer,” [Online]. Available: https://electricflyer.com/. [Accessed 01 July 2019]. 

[4]  S. W. Ashcraft, A. S. Padron, K. A. Pascioni and G. W. J. Stout, "Review of Propulsion 

Technologies for N+3 Subsonic Vehicle Concepts," National Aeronautics and Space 

Administration, Cleveland, Ohio, 2011. 

[5]  A. Seitz, A. T. Isikveren and M. Hornung, "Electrically Powered Propulsion: Comparison and 

Contrast to Gas Turbines," in 61. Deutscher Luft- und Raumfahrtkongress, Berlin, Germany, 

2012.  

[6]  D. F. Finger, C. Braun and C. Bil, "A Review of Configuration Design for Distributed Propulsion 

Transitioning VTOL Aircraft," in Asia-Pacific International Symposium on Aerospace 

Technology - APISAT2017, Seoul, Korea, 2017.  

[7]  N. van Arnhem, “Design and Analysis of an Installed Pusher Propeller with Boundary Layer 

Inflow,” Delft University of Technology, Delft, 2015. 

[8]  D. P. Raymer, Aircraft Design: A Conceptual Approach, 5. ed., Reston, Virginia: AIAA, 2012.  

[9]  L. M. Nicolai and G. E. Carichner, Fundamentals of Aircraft and Airship Design - Volume I - 

Aircraft Design, Virginia: AIAA, 2010.  

[10]  J. Roskam, Airplane Design Part I-VIII, Kansas: Roskam Aviation and Engineering Corp., 1985.  

[11]  D. F. Finger, C. Braun and C. Bil, "An Initial Sizing Methodology for Hybrid-Electric Light 

Aircraft," in 2018 Aviation Technology, Integration, and Operations Conference, Atlanta, 

Georgia, 2018.  

[12]  D. F. Finger, C. Braun and C. Bil, "Case Studies in Initial Sizing for Hybrid-Electric General 

Aviation Aircraft," in 2018 AIAA/IEEE Electric Aircraft Technologies Symposium, 

Cincinnati, Ohio, 2018.  

[13]  R. Rings, J. Ludowicy, D. Finger and C. Braun, “Sizing Studies of Light Aircraft with Parallel 

Hybrid Propulsion Systems,” in 67. Deutscher Luft- und Raumfahrtkongress 2018, 

Friedrichshafen, 2018.  

[14]  J. Ludowicy, R. Rings, D. F. Finger and C. Braun, “Sizing Studies of Light Aircraft with Serial 

Hybrid Propulsion Systems,” in 67. Deutscher Luft- und Raumfahrtkongress 2018, 

Friedrichshafen, 2018.  

1112

Peer Reviewed



[15]  E. A. E. Rodas, J.-H. Lewe and D. N. Mavris, “Feasibility Focused Design of Electric On-demand 

Aircraft Concepts,” in 14th AIAA Aviation Technology, Integration, and Operations 

Conference, Atlanta, 2014.  

[16]  W. H. Mason, "Modern Aircraft Design Techniques," in Handbook of Transportation 

Engineering, McGraw-Hill, 2003, pp. 26.1-26.24. 

[17]  Wissenschaftliche Dienste Deutscher Bundestag, Sachstand: Primärenergiefaktoren, Berlin: 

Deutscher Bundestag, 2017.  

[18]  R. Rings, J. Ludowicy, D. F. Finger, C. Braun and C. Bil, “Sensitivity Analysis of General 

Aviation Aircraft with Parallel Hybrid-Electric Propulsion Systems,” in Asia-Pacific 

International Symposium on Aerospace Technology - APISAT2019, Gold Coast, Australia, 

2019.  

[19]  M. Patterson, B. German and M. Moore, “Performance Analysis and Design of On-Demand 

Electric Aircraft Concepts,” in 12th AIAA Aviation Technology, Integration and Operations 

(ATIO) Conference and 14th AIAA/ISSMO Multidisciplinary Analysis and Optimization 

Conference, Indianopolis, 2012.  

[20]  H. Kuhn, C. Falter and A. Sizmann, “Renewable Energy Perspectives for Aviation,” in 3rd CEAS 

Air&Space Conference and 21st AIDAA Congress, Venice, 2011.  

[21]  J. Christensen, P. Albertus, R. S. Sanchez-Carrera, T. Lohmann, B. Kozinsky, R. Liedtke, J. 

Ahmed and A. Kojic, "A Critical Review of Li/Air Batteries," Journal of The Electrochemical 

Society 159(2), pp. R1-R30, January 2012.  

[22]  H. Zhang, X. Li and H. Zhang, “Li-S and Li-O2 Batteries with High Specific Energy: Research 

and Development,” 2017, p. 2. 

[23]  A. Esser and F. Sensfuss, “Evaluation of primary energy factor calculation options for electricity,” 

Fraunhofer-Institut für System- und Innovationsforschung (ISI), Karlsruhe, 2016. 

[24]  “NASA X-57,” 26 June 2019. [Online]. Available: 

https://www.nasa.gov/specials/X57/index.html. 

[25]  “Eviation Alice,” 26 June 2019. [Online]. Available: https://www.eviation.co/alice/. 

[26]  H. Kuhn, A. Seitz, L. Lorenz, A. Isikveren and A. Sizmann, "Progress and Perspectives of Electric 

Air Transport," in 28th International Congress of the Aeronautical Sciences, Brisbane, 

September 2012.  

[27]  J. K. Viken, S. A. Viken, K. A. Deere and M. B. Carter, "Design of the Cruise and Flap Airfoil 

for the X-57 Maxwell," in 35th AIAA Applied Aerodynamics Conference, Denver, Colorado, 

2017.  

[28]  R. Rings, Preliminary Sizing Studies of Light Aircraft with Parallel Hybrid Propulsion Systems, 

Aachen: FH Aachen, 2018.  

 

 

1113

Peer Reviewed


