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Abstract 
 

Global warming caused by combustion of fossil fuels is a hot topic in today’s society and the 

world is constantly trying to makes steps towards a brighter tomorrow with stricter 

environmental laws and research of alternative fuels. A great propulsion system is however 

not great solely of it being environmental friendly, it must also achieve other requirements. 

A comparison using different propulsion systems and different fuel types has been made and 

evaluated in four different categories; power; range; cost and environmental impact. The 

process of scientifically compare systems using given attributes is a big part of the study and 

is hoped to yield inspiration to the reader to apply to their own application, not necessarily 

using the same categories.  

The result has been assembled in a matrix and depending on what category one prefers the 

most, different results are presented. A clear observation is a lack of range for all of the 

systems using electricity due to the low energy density compared to fossil fuels. Hydrogen 

fuel cells and ICE are however constrained by the volume required to store hydrogen but 

applications can surely be found where the great gravimetric energy-density can be utilized 

at its full potential.  

The future of alternative fuels and propulsion systems are looking great checking the 

improvements of technology on electrical components such as batteries, fuel cells and solar 

cells the last 10 years. The improvements not only affecting performance such as increased 

energy-density and power but also cost, making them more desired by the common man. 
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1 Introduction 
 

Aviation is great way of transportation and the amount of flights are constantly increasing 

each year, the constant struggle of making planes more efficient is therefore all the more 

important.[1] Not only for the sake of reducing global warming by releasing less greenhouse 

gases but also to cut costs for the airline or private user.  

This can of course be done in many ways, for example making the body more aerodynamic 

to reduce drag and using different materials to make the plane lighter. The most important 

change though, the thing that has the most significant impact is naturally the propulsion 

system. 

Today there are quite a few different propulsion systems out there for aircrafts and in 30 

years there are probably going to be something superior to what is used now. But how do 

we know and choose what is the best setup for our individual purposes?  

This is what will be studied in this paper. 

In this study for the sake of simplicity, only propeller driven propulsion systems will be 

compared, not only in performance, but also in different aspects to get an overall idea of the 

respective systems. The chosen systems will be graded and compared in a matrix from 0 - 10 

to get a good overlook at those systems overall qualities. There is also going to be a factor to 

multiply each attribute point to further grant result depending on personal preference. In 

the end the points are summarized, the higher the score the better that system is suited to 

your needs. The attributes that is to be graded has been chosen with both user and buyer in 

mind. 

 Fast  

 Good range  

 Cheap 

 Environment friendly  

 

These are four main attributes you might want from an aircraft, and it is around these four 

we will compare our propulsion systems. 

Keep in mind the purpose of this study is as heavily focused on the process as the individual 

results. One could say you can see this as a template to induct your own comparison of 

optional systems with varying attributes.   
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2 Aeroplane specifications 
 

First of all we need to decide the general characteristics of the aeroplane itself without the 

propulsion system as a base to work with; certain calculations require it and various 

limitations must be set in order to make a fair comparison between the systems.  

The choosing of this aeroplane will of course have a relatively large impact on how effective 

the different propulsion systems are going to be, for example an electric motor might be 

more suitable for a lighter plane, we shall therefor try to make it as fair as possible and use a 

“medium” size plane. The purpose of this study is not to construct an aircraft of our own so 

we shall simply just pick an appropriate aeroplane and use the information needed as a base 

for our evaluation.  

Without any further reason than being a medium single engine plane we are going with the 

Cessna Skyhawk, note that we are still going to make calculations from scratch and this is 

just to get an overall idea on wing area, weight and more. [2]  

We are going with the following specifications  

Maximum allowed weight [kg] 1000 

Wing area [  ] 16 

Tank volume [L] 200 

Empty weight [kg] 450 

 

Note that the empty weight is an estimation of the weight without the propulsion system. 

With two people in the aeroplane at 70 kg each this gives us an allowed weight of 

       –                      

Propulsion system limitations are therefore set to  

Weight [kg] 410 

Volume [L] 200 

3 Setting up the grading scales 
 

In this chapter we shall determine how to set up the grading scales in the most scientific way 

possible, to get a fair comparison of the systems.  
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3.1 Fast 
 

First of all, how does the maximum speed of an aeroplane relate to the properties of the 

propulsion system? Naturally one would think that the power of the engine is directly 

connected to the speed. This can easily be shown by a force balance shown in Appendix 1. 

This yields the following relationship  

       
 

 
      

         

   
          (1) 

 

Plotting power as a function of velocity and setting the climb angle to 0 grants following 

curve 

 

Figure 1: Propulsive power required at steady flight 

 

From this plot one can easily see the relation between power and speed, note that this 

power is not the power of the engine but the propulsive power of the aeroplane. 

Since we only are interested in a potential maximum of speed; the left side of the curve will 

be neglected.  
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From this point on one can approach the problem in several ways, we can simply take the 

given power of the engine, multiply it by various efficiency factors to get the propulsive 

power and get the maximum speed directly from the formula or graph.  Another approach, a 

more user friendly approach is to simplify the right side of the graph with a straight line and 

state that a certain increase in power will have a certain increase in maximum speed. This is 

a fairly accurate assumption for a large part of the graph, as we can see duplication of power 

approximately yields duplication of speed. 

We shall use the latter of the two since it is a more general approach that can be applied on 

more than just one aeroplane without having to plot different graphs. 

As stated the grading will be set from 0 to 10 where 0 is a value that cannot physically 

complete a flight and 1 is the minimum value to complete it. This value must therefore be 

determined. In other words, we must estimate the minimum power required for a plane not 

to crash during a flight. The question one must ask is; at what part of the flight is the most 

power required? This would probably be during a climb.  

Choosing a 15  climb as a standard climbing angle and put into the same power-equation the 

following curve is presented   

 

 

Figure 2: Propulsive power required at 15  steady climb 
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Comparing figure 1 and 2 one can clearly see that the power required is indeed higher when 

climbing then at steady level flight, and a clear minimum of propulsive power can be 

observed at about       . 

Nevertheless one cannot simply accept this power as the minimum required power to 

complete a flight. First we need to investigate if the aeroplane has enough lift at this speed.  

The stall speed, the speed at which separation occurs on the wing resulting in a loss in lift 

can be derived to the following equation  

       √
  

           
   (2) 

 

All values used are represented in Appendix 2.  

Inserted values yields a stall speed of          

This speed is the minimum speed required to get enough lift to complete a flight with the 

chosen plane, we can now insert this value in (1) or just check figure 2 for a minimum 

required propulsive power, and anything under this value will be graded with a 0 to show 

that it is not a valid choice of propulsion system. This category will be receiving 1 extra point 

for every 10% increase from the bottom value 1. 

Using the stall speed the minimum power required is found to be 90kW or 120hp. 

 

3.2 Range 
 

In this category we shall calculate how far the aeroplane can travel without having to land 

and refuel. 

Range is normally calculated at the cruise speed but since the cruise speed of our various 

systems may differ we shall calculate the most efficient speed and power at which the 

aircraft can travel as far as possible and use this as our grading scale. This can easily be 

achieved with a slight modification to the power equation used earlier. 

 If we take the speed of the aeroplane and divide it by the power required the unit 
 

 
 is 

found, this represent how far you get for each unit of energy. This function can now either 

be differentiated to find the maximum or just simply be plotted as shown below. 

One thing to note is that this plot is naturally done during steady level flight, for      
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Figure 3: Finding optimal speed for steady level flight 

From this plot the an optimal speed of        is found and more importantly a distance-to-

energy-ratio of           . 

Total usable energy will be calculated and then multiplied with this factor go get a value of 

the range for each of the compared propulsion system.  

Note that now and in the future an assumption that the propeller efficiency is constant for 

all speeds and power outputs is going to be made, even if this is not entirely true, especially 

not with a fixed pitch-angle. 

The grades will be set with the highest range being granted a 10 and other distances a 

percentage of this maximum value. 

 

3.3 Cheap 
 

This is a pretty straight forward category in which there are two costs to take into account, 

the short term and the long term cost. The short term cost being the cost of purchasing the 

propulsion system and the long term cost being the operating cost, the cost per km.  

The most inexpensive system will be setting the upper bar of our grading scale, both when it 

comes to initial purchase and operating cost. Others will be set at a percentage of the 

maximum value just as with the range 
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 Since this category is divided into two groups the maximum value is set to 5 in each to make 

it have the same impact as the other categories.  

Note that various maintenance costs are not taken into account in neither category to 

simplify the process, one can of course choose to add them if desired. 

 

3.4 Environment 
 

This category is a rather tricky one to get a fair comparison on since it is hard to put a 

number on how different systems damage the environment. We shall instead try to rank 

them accordingly among each other with the cleanest gaining 10 points and the others 

gaining lower points as we see fit after some future research.   

4 Propulsion systems 
 

Now that we have set out in which way the attributes will be graded we can start comparing 

different systems and in the end see what the best fit to our specifications is. 

The systems being compared differs both in engine type and fuel type to get a wide range of 

options to the current setup. 

First of all a general introduction to the different propulsion systems compared will be given 

followed by determining the values of each category and finally a summary of all the 

calculated values.  

 

4.1 Internal Combustion Engine 
 

The internal combustion engine, or ICE for short, is the most common propulsions system for 

propeller driven smaller planes. 

In short an ICE uses the power generated from combusting fuels to force pistons to move, 

thus creating a mechanical movement.  

Two different engines will be analyzed and three different types of fuel; gasoline; diesel and 

hydrogen. Note that the chosen engines are going to be designed for gasoline and not diesel 

and hydrogen. This choice is made deliberately since the main reason is to compare the 

properties of the fuels; if we were to pick an existing diesel engine for the diesel the 

difference in performance may lay as much in the engine itself rather in the fuel type. 
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 Also the amount of hydrogen driven ICEs out there are limited and the comparison to a 

gasoline driven ICE rebuilt as to fit for the selected fuel seems like and overall better option. 

A comparison between equivalent systems and the use of efficiency and energy density will 

suffice as estimation of both maximum power and range for the different fuels. 

The ICEs being compared are a Lycoming TIO-360 and a Lycoming O-320 since these are 

popular engines used in many aeroplanes and are close to the power range needed to 

propel the plane. 

  

4.1.1 Gasoline ICE 

 

Gasoline is a flammable liquid derived from petroleum and primary used to fuel ICEs.  

When it comes to power the values can easily be taken out of the specifications since the 

stated engines are designed for gasoline.  

What is left to do is simply to convert the engine power into propulsive power for the 

aeroplane. This is done by adding efficiency constants to the power of the engine since there 

are various losses from the power created by the engine and the power generated by the 

propeller. One must also take into account the decrease of density on higher altitude as a 

decrease in maximum power since the engine uses the surrounding air for combustion of 

fuel. 

 The relation for altitude dependence in engine power can be described by  

    
   

    
 

    

    
         (3) 

Where the power P at a given altitude is a direct function of the density-ratio times the given 

engine power at sea level.  

The value for the density in steady flight is in this study estimated to        , the density at 

mean sea level is approximately            depending on temperature.  Values Inserted in 

(3) yield          . 

The TIO-360 engine is however provided with a turbocharger which compresses the air 

making the air density approximately constant to the density at sea levels. Therefor the 

performance of the engine does not change on different altitudes. The factor      can in this 

case be set to 1. 

The propeller efficiency is a function of the advance ratio and the propeller pitch and can 

with an adjustable pitch maintain an efficiency of about 0.85 during a wide part of speeds, 
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and this is what we will use in this study.[4] The error in this value will not be of great 

importance since all of the propulsion systems being evaluated use this same plausible error.  

 

Values of power and efficiency factors are presented in the table below 

 

The range is a function of the amount of fuel, the energy density of the fuel and the 

efficiency at which the engine can harness the fuel 

                                                                          

Where            is the value we previously got in chapter 3.2. 

The efficiency at which a gasoline ICE can use the fuel for mechanical power differs 

depending on many factors, but being generous the value lies around the value 0.25 for 

standard engines; this estimated value is what is used for the O-320 engine.[3] The other 

engine however uses direct injection, which means that the fuel air mixture is injected 

directly into the combustion chamber granting increased efficiency estimated to about 

0.3.[3] 

To find out the range we must first find out how much fuel can be brought aboard the 

aeroplane, this will either be limited by weight or by volume depending on density.  

We stated earlier that our set weight limit is 410 kg and the maximum volume is 200 liter. 

With a density of           and knowing the weight of the engines one can clearly see that 

in both cases the volume will set limit. The energy density of gasoline is about           

thus yielding the following results 

 

Engine Weight 
[kg] 

Fuel 
amount 

[L] 

Energy[MJ] Efficiency Total 
efficiency 

Range[km] 

Lycoming 
TIO-360 

177 200 6920             0.255 2294 

Lycoming 
O-320 

127 200 6920             0.213 1912 

 

Engine Engine power [hp] Efficiency factors Propulsive power 
[hp] 

Lycoming  TIO-360 200     170 

Lycoming O-320 180          119 
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Energy density, amount of fuel and the efficiencies will vary on all the different systems and 

to avoid repetition of trivial calculations many of the values will be represented in tables 

such as the one above, there will also be a summary of all the results later on. 

Short term expenses are mainly made up by the engine. Prices found vary a lot but looking at 

many different retailers one can get a general idea of the prices. [5,6]  

Engine Price [USD] 

Lycoming TIO-360 40000 

Lycoming O-320 25000 

 

The long term expenses being looked at is solely fuel price per km, this is easily done by 

multiplying the fuel-amount-to-range-ratio with the current price of that specific fuel type. 

Values are presented beneath. [7] 

Engine Fuel amount/Range 
[L/km] 

Price per liter 
[USD/L] 

Price per km 
[USD/km] 

Lycoming TIO-360 0.087 2.14 0.19 

Lycoming O-320 0.105 2.14 0.22 

 

 

Combustion of fossil fuels such as gasoline creates mainly carbon dioxide and water as 

shown below 

                            

Because of the way the gasoline engine works, cutting airflow instead of fuel at low power 

an alternative reaction can occur creating carbon monoxide. This gas is direct deadly to 

humans as it reacts to the hemoglobin in the blood and prevents it from releasing oxygen to 

vital organs. 

Carbon dioxide in large quantities is thought to be a big reason for global warming. Global 

warming is caused by an increase in the greenhouse effect where greenhouse gases such as 

carbon dioxide enters the atmosphere and absorbs some of the radiation and sends it back 

to earth thus creating a warmer climate.  

A relative sudden change in the climate on earth can have huge effects for the ecosystem 

and it is not sure what the results will be to various wildlife. Increasing the mean 

temperature on earth will also lead to the melting of polar ices, causing the sea levels to rise 

and flood large parts of landmass.  

Petroleum alone has also been a part of many tragedies in the past when it is spilled out into 

the ocean, killing countless animals and polluting the water.  
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4.1.2 Diesel-fuel ICE 

 

Diesel-fuel is a much like gasoline a carbon-based fuel created from petroleum, but is slightly 

heavier but also richer in energy. Diesel has a higher combustion temperature than gasoline 

and is therefore a better choice for working under higher pressures thus also working at a 

higher efficiency according to the thermodynamic formulas of engine cycles.[8] 

Diesel engines uses compression ignition instead of spark ignition and reaches a much higher 

compression ratio than a gasoline engine, this leads to higher fuel efficiency. The estimated 

value will be set to 0.4 which are along the lines of what diesel engines usually can achieve.  

When it comes to power it is not always that easy to compare the two types since they have 

different torque and power curves.  

The diesel engine´s characteristics with heavier more robust components, higher 

compression ratio (which is equivalent with a longer stroke of the piston) and slower burning 

fuel makes the engine generate a lot of torque at low RPM but it cannot quite achieve the 

same maximum RPM as the gasoline engine, hence the maximum power of a diesel engine is 

usually lower than an equivalent gasoline engine. Comparing many gasoline and diesel 

engines the maximum power of a diesel equivalent engine is approximately 0.88 times that 

of a gasoline engine. This factor is presented as         below. We are still going to assume 

the modified TIO-360 uses a turbocharger and the O-320 do not. 

Engine Max power [hp] Efficiency factors Propulsive power [hp] 

Lycoming  TIO-360D 200               150 

Lycoming O-320D 180                   105 

 

As stated a diesel engine is going to need more robust parts and various other components 

to work at its best, this is going to lead to an estimated weight increase of about 30% that 

must be taken into consideration. 

With the adjusted weight of the engine we must once again see how much fuel can be 

brought aboard the aeroplane. The density of diesel-fuel is            which corresponds 

to a weight of        with a full tank which is within our weight limit of          

        for the heavier of the engines. 

Engine Weight 
[kg] 

Fuel 
amount [L] 

Total 
energy [MJ] 

Efficiency Total 
efficiency 

Range 
[km] 

Lycoming 
TIO-360D 

230 200 7720             0.34 3412 

Lycoming O-
320D 

165 200 7720             0.34 3412 
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The short term cost of a diesel engine is almost always larger than an equivalent gasoline 

engine because of the need of more robust parts and injection technology. Looking at and 

comparing various engines; estimations can be made that a diesel engines cost 

approximately 15% more than an equivalent gasoline engines.[9] 

Engine Price [USD] 

Lycoming TIO-360D 46000 

Lycoming O-320D 28750 

 

Operation cost is calculated the same way as before only using different values of range and 

price.[7] 

 

Compared to gasoline diesel emits about 20% less Carbon dioxide per km, mainly because of 

the increased fuel efficiency and energy density.[10] It also emits almost no carbon 

monoxide in comparison because of the way the engine works, the fuel is being managed 

instead of the airflow thus having sufficient oxygen for a proper combustion to carbon 

dioxide. 

However, because of the nature of diesel-fuel, exhaust contains more of various other 

components such as 3 times as much     and 10 times as many soot particles than gasoline 

engines which can be directly hazardous to people and might also contribute to global 

warming.[10] This can however be reduced significantly by using modern filters.  

As seen, an assessment on what is best or worst between diesel and gasoline for the 

environment is extremely hard to make. What does one value most, negating long term 

climate change or short term damage to the surroundings?  

 

4.1.3 Hydrogen ICE 

 

Hydrogen in an ICE is a perfectly valid choice in theory and the few existing ones runs in 

similar ways as a diesel engine does with about the same compression ratio but with a spark 

ignition because of the high self-ignition temperature of hydrogen. On the other hand the 

flash point is very low at -253 degrees Celsius which can lead to random unwanted ignitions. 

Engine Fuel amount/ Range  
[L/km] 

Price per liter 
[USD/L] 

Price per km 
[USD/km] 

Lycoming TIO-360D 0.059 2.05 0.12 

Lycoming O-320D 0.059 2.05 0.12 
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One major disadvantage with hydrogen is that it is relatively difficult to store effectively. To 

get a descent energy density you either have to store it at very high pressures or in a fluid 

state which will require great insulation because of the low boiling point of -253 degrees 

Celsius. 

The gravimetric energy density of hydrogen is very high at about           compared to 

carbon based fuels such as diesel and gasoline which are in the range of         , this 

seems ideal for aviation purposes since they need to be as light as possible.[11] However the 

volumetric energy density is a lot worse even in a liquid state compared to fossil fuels.  

The volumetric density at         is about        and roughly        at liquid state. 

 A few major car manufacturers such as Toyota and Hyundai have in their upcoming 

hydrogen fuel cell cars stored hydrogen in tanks pressurized at         . This seems to be a 

good choice since one can refuel in the same way as an ICE driven vehicle in around 3 

minutes even due to losses during compression.[12,13] Storing hydrogen in a liquid state 

seems more advance, relying on perfect insulation and supply management since the liquid 

needs to vaporize at a correct rate for usage. 

We shall therefore be using the method of storing the hydrogen in         pressurized 

tanks in our evaluation.  

When it comes to maximum power it is of course hard to estimate an equivalent ICE driven 

by hydrogen since it all depends on the air mixture, amount of fuel and pressures. But 

looking at previous attempts to create a hydrogen ICE the values usually land on 

approximately 80% of the maximum power of the gasoline engine.[14] 

 

Engine Max Power [hp] Efficiency factors Propulsive power [hp] 

Lycoming TIO-360H 200              136 

Lycoming O-320H 180                  97 

 

The modifications made on the engine to make it viable for hydrogen combustion is going to 

increase its weight with approximately as much as the diesel at 30% reaching a weight of 230 

kg for the heavier engine. Knowing values of volumetric and gravimetric energy density 

stated earlier, 200L of hydrogen at         is only going to weigh around       . Well 

within the limits of the maximum allowed weight. 

Experimental ICEs using hydrogen show efficiencies of around 0.4 which will be used in this 

study. Values are presented in the table below. 
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Engine Weight 
[kg] 

Fuel 
amount [L] 

Total energy 
[MJ] 

Efficiency Total 
efficiency 

Range 
[km] 

Lycoming 
TIO-360H 

230 200L 1000            0.34 442 

Lycoming O-
320H 

165 200L 1000            0.34 442 

 

Much like the case with the diesel engine the initial price for a hydrogen ICE is going to be 

larger than that of a gasoline engine. This is mainly because there are not really a market for 

them and therefore no mass-production. If you want one you would probably have to make 

one yourself. Also a few more features is going to be needed than a regular gasoline ICE, 

such as more robust parts for higher pressures, more advanced injection systems and more. 

All of this is going to increase the cost of about 50% compared to the gasoline ICE. [14] 

Additional costs are going to be the pressure tanks used for the storage of hydrogen that 

needs to be extremely tough and durable to handle pressures at        . To cope with 

these pressures and at the same time keep the aircraft light a type IV pressure vessel made 

of light carbon fiber is used. These are approximately 3 times more expensive than a 

standard type I metal vessel. Estimated price of a 200L type IV pressure tank is set to 1000 

USD.[15] 

Engine Price [USD] 

Lycoming TIO-360H 60000 + 1000 

Lycoming O-320H 37500 + 1000 

 

The price of hydrogen itself varies depending on preparation method and pressure since 

more energy is required to compress the gas to a higher density.  

Statoilhydro in Norway sold hydrogen for approximately 6.3 USD per kg back in 2009, this 

using clean hydropower-plants and electrolysis.[16] If this includes taxes and the cost of 

pressurization is unclear. One can only assume that the prices will drop with increased 

production as more and more manufacturers choose to use hydrogen-driven cars for 

environmental reasons.  

It is hard to come over any more recent values of hydrogen prices so we are going to use 6.3 

USD per kg in this evaluation. 

 

Engine Fuel amount/ Range 
[kg/km] 

Price per kg 
[USD/kg] 

Price per km 
[USD/km] 

Lycoming TIO-360H 0.019 6.3 0.12 

Lycoming O-320H 0.019 6.3 0.12 
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The reaction of hydrogen and oxygen at low temperatures is very clean only creating water 

as a product; however at high-temperature combustion with air, which also contains loads of 

nitrogen, oxides of nitrogen can be produced in the same ways as in gasoline and diesel ICEs. 

Reports show that these type of oxides impacts global warming up to 300 times more than 

carbon dioxide at equal mass.[17] There are never the less no signs that hydrogen ICE should 

emit to more     in comparison to diesel or gasoline which makes it a better choice in an 

environmental aspect. 

 

4.2 Electric motor 
 

The electric motor converts electric energy to mechanical energy using the magnetic field 

caused by the electrical current, this completely without any emissions and at a very high 

efficiency of about 0.9.[18] This among other things make the electric motor superior to the 

combustion engines in many ways, the problem is however the energy storage. If we just 

could plug our aircraft to the standard outlets using a cord the benefits would be huge in all 

factors, that is however not the case. Instead we have to use various ways to store or 

generate energy on the aircraft itself. We shall look into 3 different ways of 

storing/generating electrical energy, through batteries, fuel cells and solar cells. 

Because of the properties of an electric motor there will be no difference in power from the 

three different methods (assuming enough voltage and current can be provided), the 

maximum power is therefore solely dependent on the engine itself. More current and 

voltage can of course be added than the stated values under short periods for an increase in 

power but the limit is set because of overheating issues.  

One can also argue that because of the relative cold and fast-moving air while flying at 

higher altitudes, the heat transfer coefficient could be vastly higher through higher 

convection and therefore could be able to work at a higher power than the preferred given 

value. This is however something we shall not investigate further.  

It is of great importance that the engine is light weight and many of the typical electric 

motors used for various machinery are not. There are a few companies that however make 

light engines for aviation purposes; one of these is Yuneec international which achieves a 

power to weight ratio of about        in their engines. [19] 

We are free to choose whatever engine we want but to make a fair comparison a to the 

combustion engines we shall use the same maximum power as the Lycoming TIO-360 at 200 

hp. This results in an engine weight of only 67kg. 
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One advantage with electric motors is that they do not need the surrounding air for 

combustion such as an ICE, therefor the factor      can be set to 1 much like the case with a 

turbocharger.  

What is left to compare is the way the electric motors receives its energy. 

 

4.2.1 Battery 

 

In a battery a chemical reaction occurs that produces electrical energy, the reaction depends 

on the type of battery used. Batteries varies a lot in price, energy storage and size but we are 

going to look at batteries with the best energy density possible to see what kind of potential 

battery driven aircrafts have at its best.  

Lithium-ion batteries are a perfect fit as they have a high energy density compared to other 

batteries, are rechargeable and don’t contain any hazardous metals such as lead and 

cadmium. The best found on the market are from Panasonic with an energy density of 

          and         , one battery weighing around 45 g and with a voltage of 

3.6V.[20] 

An engine weight of 67 kg yields 343 kg and 200 L left for batteries which clearly makes the 

batteries hit the weight limit before the volume limit using above mentioned values. 

The 343 kg of batteries will surely contain enough voltage to generate the sufficient power 

of 200 hp. 

These are extremely generous assumptions, in reality additional weight is required to 

connect and hold all the batteries, this estimation is however hard to make and therefore 

neglected. Also note that the importance of the extra weight is not as vast if one thinks 

about the evolution of energy density in batteries, within a few years the technology has 

surely made up for it. 

Batteries have a tendency to discharge some of the energy before use, this is taken into 

account by adding an estimated battery efficiency of 0.9. 

 

Engine Weight 
[kg] 

Fuel 
amount [kg] 

Total energy 
[MJ] 

Efficiency Total 
efficiency 

Range 
[km] 

Yuneec 67 343 309                 0.689 277 

 

Short term costs are going to make up of mostly the engine and the batteries. The current 

engine being evaluated is not yet being sold to private users and a price can therefore not be 
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found. Looking at electric motors in general at about the same maximum power it can be 

found that the price will probably lay around 10.000 USD. [21] 

Furthermore using the Panasonic NCR18650A batteries at 250Wh/kg for a price of 

approximately 5 USD with an individual weight of 45 g yields 22.2 batteries per kg.  

As stated 343 kg batteries are being loaded onto the aeroplane this is equivalent to a price of 

around 38.000 USD 

Engine Price [USD] 

Yuneec 10000 + 38000 

 

The operations cost is calculated as before with the difference of using the cost of electricity 

instead of fuels. The prices for electricity varies a lot depending on many factors such as 

country and supplier but lies along the lines of             .[22]   

Engine Energy/range 
[kWh/km] 

Price per kWh 
[USD/kWh] 

Price per km    
[USD/km] 

Yuneec 0.31 0.05 0.015 

 

Lithium-ion batteries are surprisingly clean and have a lifespan of many years. None of the 

components are environmental hazardous and can be recycled effectively when that time 

comes.  

What would have the most environmental impact in this setup is probably going to be the 

production of the engine. Mainly because of all the copper needed to create a strong 

enough electro magnet. 

 Many steps in the line to pure copper have bad aspects to environmental health. In the 

mining process many workers get problems due to particles, such as asthma and other 

respiratory problems. Further along the production-line a lot of chemicals and energy is used 

to refine the ore into the finished product, if this energy comes from coal plants, that is yet 

another issue to the mix.  

There is also the issue of destroying the surrounding ecosystem when creating the mine. 

Copper is nevertheless a great metal for recycling and many of the hazardous steps along the 

line can be skipped if this is done.  

We shall not investigate specific numbers further since the purpose of this paper is to get an 

overall estimated comparison of the propulsion systems, but we can add that if one rarely is 

going to use the aeroplane it might be better to use and ICE since the benefits of an electric 

motor are best at a high usage.  
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4.2.2 Fuel cells 

 

A fuel cell is in many ways similar to a battery, using a chemical reaction to create an 

electrical current. The main difference is that in a fuel cell a continuous supply of fuel is 

required to maintain the reaction unlike the battery where a fixed amount of chemicals 

react.  

Another major difference is the type of reaction being used; the most common is the 

reaction between hydrogen and oxygen, the hydrogen being the supplied fuel and the 

oxygen being taken from the surrounding air.  

A fuel cell grants the best aspects from two worlds, the clean emission-less electrical power 

and the rich energy density of hydrogen fuel.  

The efficiency of fuel cells varies in the ranges of 0.4-0.6 which is quite a lot better than ICEs. 

[23]Once again we shall be optimistic and pick the high-range value of 0.6 when evaluating 

this system.  

The power to weight ratio of the best fuel cells is about           this means to achieve 

200 hp (or 149.1 kW) we are going to need roughly 100 kg of fuel cells to power our engine.  

With an engine of 67 kg this makes 243 kg and 200 L left for fuel. Using the hydrogen values 

at 700 bar, 200 L pressurized hydrogen is only going to weigh about 8.3 kg which is well 

within the limits and with room for various weight contribution from the mandatory 

pressure tanks.  

 

Engine Weight [kg] Fuel 
amount [L] 

Total energy 
[MJ] 

Efficiency Total 
efficiency 

Range 
[km] 

Yuneec 67 + 100 200 1000                0.459 597 

 

The past 10 years we have seen a nice decrease in fuel cell system cost. As seen below the 

prices are about         . To achieve 200 hp or rather 149.1 kW this translates into 8200 

USD.  
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Figure 4: Development of fuel cell prices from 2006 to 2013 

Additional costs are mostly the engine and the pressure tank. Both prices have been stated 

earlier. 

Engine + Fuel cells + Tank Price [USD] 

Yuneec 10000 + 8200 + 1000 

 

The long term cost of hydrogen has also been discussed earlier, the difference here being 

the increased efficiency compared to the hydrogen ICE.  

  

Engine Fuel/range [kg/km] Price per kg [USD/kg] Price/km [USD/km] 

Yuneec 0.014 6.3 0.088 

 

The reaction of hydrogen and oxygen in a fuel cell is very clean as shown below because of 

the reaction occurring during low temperatures without combustion. 

Anode reaction: 

            

Cathode reaction: 
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Even though hydrogen is the most common element in the universe it does not exist in its 

desired state    on earth in great abundance but is instead bound in various molecules such 

as water and hydrocarbons and must undergo of various reactions to be released. 

There are a few ways this can be achieved; the majority of the hydrogen is created from 

fossil fuels through something called steam reforming. Water vapor at high temperatures 

reacts with methane creating hydrogen and in the end carbon dioxide.  

Seeing this, suddenly hydrogen ICE and fuel cells does not sound as environmental friendly 

as companies lead you to believe, however there are other ways of producing hydrogen. 

Electrolysis is another method that can be used, this can be describes as the reverse reaction 

of the fuel cell where electricity is added to create hydrogen and oxygen from water.  

At first glance this seems to be a very clean way of producing hydrogen, but one must have 

in mind how the electricity being used is created, does it come from clean hydroelectric 

power plants or from for example coal. Variations of electricity-sources vary a lot from 

country to country which makes it very hard to estimate an average environmental impact 

from the creation of hydrogen.  

If however the process is done using electrolysis with “clean” energy the fuel cell overall is a 

great step forward compared to the majority of the propulsion systems today.  

 

4.2.3 Solar cells 

 

A solar cell uses the energy radiated by the sun and converts it to electricity. Photons with 

high enough energy knock away electrons from the material in the solar panels which then 

are forced to flow in a certain direction using electric fields, thus creating an electric current. 

Solar cells are ideal for space stations for obvious reasons but they are also viable for other 

applications on earth and have grown more popular because of the clean and simple energy 

produced. 

The sun radiates about 1000 W per square meter on the surface of the earth which is quite a 

lot if one could harness all that energy, alas the efficiency of solar cells are not very high 

ranging from about 10 to 40 % with the highest using multilayered cells. [24,25] 

The best commercial solar cells for sale have an efficiency of about 20%, a value that we 

shall use in our evaluation of the propulsion system. [26] 

With solar cells attached on the wings (     ) and some of the body, an estimation of 

      can be achieved. We shall also make the assumption that the angle of incoming light 

is optimal for all of the area.  
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This configuration grants a power of 4000 W which isn’t nearly enough to power the 

aeroplane, also note that this is under perfect conditions, various clouds and nighttime has 

not been taken into account.  

Because of the low power we shall instead look at solar cells in combination with batteries 

and fuel cells and see how it affects the range and price of the setup. 

The cost of solar panels has dramatically decreased during the years as shown below. 

 

 

Figure 5: Development of solar cell prices per watt from 1977 to 2013 

Today the price is about            which will be used in this study.[27] 

Adding of solar cells will naturally lead to an increase in initial purchase costs but a decrease 

in operating cost since they run solely on solar power  

When it comes to the environmental aspect there is not much to complain about except 

maybe a few hazardous materials used within the solar cells depending on the type. Solar 

cells does however have a very long life expectancy and one should not be surprised if it still 

generates great amount of power after 60 years.  
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4.2.4 Battery + solar cells  

 

Looking at the battery-propulsion system we see that the maximum weight limit already has 

been reached, adding solar cells is therefore not possible under the limits we have set in this 

study.   

 

4.2.5 Fuel cells + solar cells 

 

The fuel cell propulsion system on the other hand is much lighter than the battery one and 

has about 230 kg of extra weight at its disposal. With values taken from a standard 

manufacturer an estimated weight of          can be achieved for the solar cells, this 

means that we can attach all of the estimated       of cells and still be within the set limits.  

An addition of approximately 4000 W is added to the aeroplane. 

Let us now check how this changes the attributes of the fuel cell-system.  

The maximum power of this system is not going to change since the engine is setting the 

limit, even though the solar cells are contributing with power the engine is already capped 

through the fuel cells.  

The range will however improve, seeing figure 3 the optimal speed is going to be around 

       with our current aircraft, inserting this in the power equation (1) or checking figure 1 

is going to yield the propulsive power needed to stay at this speed. Inserted values gives 

30.8 kW, keeping in mind this is still propulsive power and the 4 kW coming in to the system 

needs to be converted to this using the propeller efficiency and engine efficiency. Converted 

to propulsive power the 4 kW becomes 3.1 kW. 

We now check the ratio of outgoing propulsive power and incoming propulsive power and 

get the ratio                      which means that 10% of the outgoing power is being 

generated during flight and the aeroplane is going to have a 10% increase in range using this 

setup. 

Increasing the range by 10% will also grant a decrease in operating cost. With a new range of 

657 km (a 10% increase of the original fuel cell range) the operating cost is calculated as 

before, this time to             
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5 Summary of values 
 

Summarizing all the values above yields the following table 

 

Before we transform these values into our evaluation matrix the environmental impacts 

must be compared. From the research it is quite clear which propulsion system is better than 

the other in an environmental aspect but it is however close to impossible to state how 

much better it is.  

With everything into account the following ranking is presented with the best system to the 

left 

                                                                          

Since a proper reason not can be presented to grade these in a scientific way the grading 

shall simply start at 10 for the system to the left and fall 1 point for each step to the right. 

Note that this is not at all a fair comparison but much more research needs to be done to 

further estimate more valid numbers.   

6 Translate values into points 
 

These values will now be translated into points according to the rules set out in chapter 3. 

One example from each category will be shown to clarify the process, the entire matrix will 

then be presented.  

 

 

Lycoming O-320  Lycoming TIO-360  Electric motor 

Attributes Gasoline Diesel Hydrogen Gasoline Diesel Hydrogen Battery/ sc Fuel cell/ sc 

Power [hp] 119 105 97 170 150 136 170 - 170 170 

Range [km] 1912 3412 442 2294 3412 442 277 - 597 657 

Purchase cost 
[USD] 

25000 2875
0 

38500 40000 4600
0 

61000 48000 - 19200 22200 

Operating 
cost[USD/km] 

0.22 0.12 0.12 0.19 0.12 0.12 0.015 - 0.088 0.08 
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Power 

It was stated earlier in chapter 3.1 that the minimum power to complete a flight is going to 

set the lower bar of this scale, and for every 10% increase of this value will grant 1 additional 

point.  

Checking the summary we see that all of the values of the 320 engine are below the 

minimum value of 120 hp and will not be getting any points at all. Making calculations for 

the electric motor we get              which translates into 5.2 points since the value is 

42% higher than the minimum granting 4.2 points over the 1 point. 

Range 

The maximum value will be rewarded with 10 points and all other a percentage of this value. 

For example the 360 diesel engine yields the highest range granting it 10 points and the 

gasoline 360 getting                    points. 

Cost 

Both costs are being rewarded the same way, the cheapest being granted 5 points and the 

rest a percentage of this. 

For example the battery system is rewarded 5 points in operating cost and the 360 gasoline 

is being given                  points. 

Environmental values have been described in the previous chapter. 

7 The evaluation matrix 
 

Lycoming O-320 Lycoming TIO-360 Electric motor 

Imp  G D H G D H B   /     +SC FC /    +SC 

- Power - - - 5.2 3.5 2.3 5.2 - 5.2 5.2 

- Range 5.6 10 1.3 6.7 10 1.3 0.8 - 1.7 1.9 

- Price 
short 

3.8 3.3 2.5 2.4 2.1 1.6 2 - 5 4.3 

- Price long 0.3 0.6 0.6 0.4 0.6 0.6 5 - 0.8 0.9 

- Environm
ent 

5 6 7 5 6 7 10 - 8 9 

Totalt 14.7* 19.9* 11.4* 19.7 22.2 12.8 23 - 20.7 21.3 
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Depending on the input of the importance-factor represented by “Imp” in the matrix; 

different results are presented. This factor is there to adapt the values to any specialization.  

For example if one is interested in creating an environmentally friendly stunt plane, a high 

importance-value can be set in power and environment and a bit lower in range since the fly 

time is probably not that desired. This is going to yield a different result and a compatible 

propulsion system is chosen.    

 

8 Discussion 
 

First of all one must keep in mind during this study a lot of simplifications and estimations 

have been done and the exact values should not be looked upon with too much weight. The 

purpose is rather to get a general understanding of what system suits your needs the most 

by presenting and using this evaluation method. Looking at the result with the current setup 

we see that all systems using electrical power in some way struggle when it comes to range 

despite the fact that they all use the very efficient electrical motor.  

Compared to fossil fuels such as gasoline and diesel, there is currently no great way of 

storing energy. Looking at the fuel cell system the idea is great, using the efficient electrical 

engine and the rich energy of hydrogen. However hydrogen is strictly limited to volume 

making it hard to store enough in a plane to compete with fossil fuels in range. 

One great application for Hydrogen fuel cells might be unmanned aircrafts where most of 

the body is made up of hydrogen storage, much like a balloon.  

This study can be developed further using more categories such as reliability, safety, and 

prospect as examples. One can also choose to compare other propulsion systems, for 

example jet and turboprop. To do so one must however choose another way of evaluate the 

speed since jet engines and also turboprop to some extent uses thrust rather than power 

from the propeller. A solution could simply be achieved by plotting both the power and 

thrust curve and find the speed directly from them.  

Looking to the future the progress of all three electrical setups is glowing bright with great 

development in all categories. At the same time ICEs and fossil fuels are going to fade away 

simply because there are not infinite amount of petroleum to refine.  
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9 Appendixes 
 

9.1 Appendix 1 
Force balance for an aeroplane at constant velocity 

 

Figure 1*: Force balance at constant velocity 

 

↖:                     (1*) 

↗:                      (2*) 

T being the thrust , D the drag ,W the weight,   the climb angle and L the lift of the 

aeroplane. (1*) gives us 

                                                             (3*) 

Multiply both sides by the velocity to achieve a function of the propulsive power 

                                       (4*) 

We shall assume that the aeroplane has a parabolic drag polar 

                          
            (5*) 

Using the definition of the lift coefficient 

   
 

 

 
    

            (6*) 

 In combination with (2*)    can be written as 
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           (7*) 

 

In the same way using the definition of the drag coefficient  

   
 

 

 
    

           (8*) 

In combination with (4*) we get  

                  
 

 
                     (9*) 

Combining (5*) and (9*) we get 

            
  

 

 
                     (10*) 

 

Finally combining (7*) and (10*) we get 

        (
     
 

 
    

)

 

 
 

 
                    (11*) 

Simplifies to 

       
 

 
      

         

   
                 (12*) 

The value of     is chosen using typical value of a small single engine with fixed gear to 0.03 

S is the reference area and is set as the wing area, in our case that is       

  is the drag-due-to-lift factor and is calculated to 0.051 using the formula 

       
 

     
            (13*) 

   being the aspect ratio and   the aeroplane-efficiency-factor taken as a standard value 

for our plane. 
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9.2 Appendix 2 
 

A table of various efficiency factors used: 

Propeller efficiency      0.85 

Altitude factor      0.78 

Gasoline to diesel factor           
 0.88 

Gasoline to hydrogen factor          0.8 

Efficiency 320          0.25 

Efficiency 360          0.3 

Efficiency diesel           0.4 

Efficiency hydrogen         0.4 

Efficiency electric motor       0.9 

Efficiency battery       0.9 

Efficiency fuel cell      0.6 

Efficiencly solar cell      0.2 

 

A table of various densities and power ratios used: 

Density gasoline 0.75 kg/L 

Density diesel 0.832 kg/L 

Energy density gasoline 34.6 MJ/L 

Energy density diesel 38.6 MJ/L 

Energy density hydrogen 700 bar 5 MJ/L 

Energy density hydrogen liquid 8 MJ/L 

Energy density hydrogen  120 MJ/kg 

Energy density battery 250 Wh/kg 

Energy density battery 675 Wh/L 

Power to weight ratio fuel cell 1500 W/kg 

Power to weight ratio electric 
motor 

3 hp/kg 

 

A table displaying some limitations set: 

Maximum allowed weight 1000 kg 

Empty weight 450 kg 

Allowed weight propulsion 410 kg 

Allowed volume propulsion 200 L 
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The values used to plot the power equation (1) using matlab: 

Acceleration due to gravitation g          
Density sea level                 
Density flight      1       

Mass aircraft m 1000 kg 

Wing area S        
zero-lift drag coefficient     0.03 

Maximum lift coefficient        2 

Drag-due-to-lift-factor K 0.051 

Aeroplane efficiency factor    0.65 
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