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Abstract: The paper shortly introduces a new methodology developed for total impact evaluation of the vehi-

cles and transportation systems and its application to comparison study of the aircraft with conventional hybrid 

and electric propulsion system. The most important novelties of the applying methodology are the followings: 

(i) all the impact (environmental impact, safety and security, cost, cost benefits and sustainability are analysed, 

(ii) the impacts are evaluated on the vehicle and might be evaluated on the transportation system levels, and 

(iii) generating the total impact index. This paper discusses only the differences in determining the total impact 

caused by using the different propulsion concepts.  
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INTRODUCTION 

The Flightpath 2050 [1] completed by High Level Group on Aviation Research for European 

Commission has created the Europe’s vision on future air transport. The overall, highly ambi-

tious goal is defined as “Aviation serves the citizen, brings people together and delivers goods 

through seamless, safe and secure, cost effective transport chains, adding value through speed, 

reliability and resilience in a global network, over any distance, without negative effects on the 

environment.”  

The last words “without negative effects on the environment” generates a very serious and hard 

condition. Even the authors of the Flightpath 2050 [1] had defined the sub-goals of the objec-

tives „Protecting the environment and the energy supply” as 

 In 2050 technologies and procedures available allow a 75% reduction in CO2 emissions per 

passenger kilometre to support the ATAG (Air Transport Action Group) target and a 90% 

reduction in NOx emissions. 

 The perceived noise emission of flying aircraft is reduced by 65%. These are relative to the 

capabilities of typical new aircraft in 2000. 

 Aircraft movements are emission-free when taxiing. 

 Air vehicles are designed and manufactured to be recyclable. 

 Europe is established as a centre of excellence on sustainable alternative fuels, including 

those for aviation, based on a strong European energy policy. 

 Europe is at the forefront of atmospheric research and takes the lead in the formulation of a 

prioritised environmental action plan and establishment of global environmental standards. 

For achieving of this sub-goal alternative and sustainable energy must be used. The first steps 

in development of such new greener air transport are based on improving the technologies using 
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the biofuel and developing the hybrid and electric propulsion systems (Fig.1.). The aircraft al-

ternative configuration, using the hydrogen, hydrogen fuel cells and high spewed propulsion 

systems as scramjets, magneto - hydro - dynamic scramjets need considerable greater time for 

further studies.   

 

Fig. 1. Technologies versus Investment/Time  

The Figure 2. shows that, the electric propulsion systems might be applied to the small and 

medium size aircraft, only 

 

Fig. 2. Technologies versus Investment/Aircraft Type

Several Hungarian projects deals with developing the hybrid and electric propulsion systems, 

aircraft with such systems. One of them, is the EFOP-3.6.1-16-2016-00014 project supporting 

the contribution of this paper, too (see acknowledgment at the end of paper).  
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This paper deal with the possible comparison of the aircraft with conventional (piston engine), 

hybrid and full electric propulsion systems based on total impact. After some preliminary con-

sideration, the paper shortly introduces a new methodology developed for total impact evalua-

tion of the vehicles and transportation systems and its application to comparison studies. The 

most important novelties of the applying methodology are the followings: (i) all the impact 

(environmental impact, safety and security, cost, cost benefits and sustainability are analysed, 

(ii) the impacts are evaluated on the vehicle and might be evaluated on the transportation system 

levels, and (iii) generating the total impact index. This paper discusses only the differences in 

determining the total impact caused by using the different propulsion concepts to the 4 seater 

reference aircraft.  

1. PRELIMINARY CONSIDERATIONS 

A lot of people think that, using the aircraft means wasting the energy and giving a biff to 

environment protection. In reality, the aviation has the best results in efficiency improvements 

of environmental impact reduction (Fig. 3.). 

 

Fig. 3. Vehicle Fuel efficiency based on US data [3, 4] (BTU - British Thermal Unit equals approximately to 

1.057 KJ) 

The CO2 emission from aviation piston engines far from the theoretic 3.17 kg/l because the very 

incomplete combustion and it can be approximated as 2 kg/l, only [5].  

The Figure 4. shows that, in Europe, about half of electric energy is generated by use of combustible 

fuels [5]. According to the WNA – World Nuclear Association report [6] the lifecycle green-

house gas (GHG) emissions in case of using the combustible fuel equal to from 400 up to 1300 

tons of CO2e / GWh depending on the type of fuel (natural gas, oil, coal) and applied technol-

ogies. These emissions about 20 – 50 times greater than the GHG emissions in cases of gener-

ating the electricity from nuclear, hydro or wind energy. Therefore in Europe, the GHG emis-

sion of electric energy generation about 450 tons CO2e / GWh. It means, the European energy 

generation emits 0.45 kg CO2e/kWh. 
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Fig. 4. Net electricity generation in EU28 [5] 

Let start with a very simple calculations. The typical aviation fuel applied to piston engine is 

the AVGAS 100, the heating value of which equals to 43.5 MJ. It is equivalent to 12.08 kWh. 

The aircraft piston engine has energy efficiency coefficient about 30 % [7] and the propeller 

system efficiency is around 85 % [8]. So energy total energy efficiency of aircraft piston engine 

propeller system is 25.65 %. At the same time, the energy efficiency of electric power system 

nearly 100 %, bat with taking into account the losses in energy supply chain this energy effi-

ciency might be defined as 95 % in total. So, burning the 1 liter aviation fuel equals to using 

the 0.2565 x 12.083 / 0.95 = 3.26 kWh. (or burning 1 kg fuel equals to 2.6 kWh.) That means, 

the GHG, namely CO2e emission of aircraft with piston engine and with electric propulsion 

system equal to 2 [9] and 1,467 kg for 1 liter fuel equivalent, respectively.  

Another interesting effect caused by use of accumulator banks having considerable weights 

comparing to the vehicle dry weight. The battery banks performance are increasing very rap-

idly. Why in 2009 the energy density was about 120 Wh/kg [10], for 2015 had reached the level 

260 Wh/kg [11]. The existing cars still use the battery of about 180 – 200 Wh/h energy density. 

At the same time, the electric cars are completed by battery of 80 – 100 kWh instead of 24 – 36 

kWh used in early electric cars. This energy is enough already for 600 – 700 km driving.     

The vehicle weight breakdown shows that, the engine weight is reducing for 60 – 75 % by 

replacing it by electro motors. However the mass of battery banks increases the aircraft weight 

for 100 – 400 % depending on the accepting the considerable reduction in range or not.  

For example, in case of replacing the piston engine by electric motor in moderate size 4 seater 

aircraft analogic to the Cessna 172N the mass breakdown may change as shown in Figure 5.  

As it can be seen, the take-off mass increases for 70 %, that increased the airframe mass to 

nearly 40 %. The initial empty mass increases from 510 kg up to 1360 kg because the battery 

bank has about 800 kg, while the electric motor has about 120 kg – less mass. If it still seems 

acceptable, the aircraft performance must be checked, too. The initial piston engine has 120 kW 

power and the aircraft may use more than 200 l fuel during flying to 1290 km. Instead of this, 

the 800 kg battery mass may storage only 200 kWh energy, that may allows to fly for 360 km 

distance, only, at the same cruise speed. 

This preliminary calculations demonstrate, the technology does not allow to make acceptable 

and affordable electric aircraft. Therefore, the hybrid aircraft development should be in focus. 
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Fig. 5. Take-off mass breakdown of the aircraft with conventional and with full electric propulsion system. 

(The performances of the aircraft are the same except the range, that is 82 % less in case of full electric air-

craft comparing to the conventional one).  

2. METHODOLOGY – TOTAL IMPACT PERFORMANCE INDEX 

The Department of Aeronautics, Naval Architecture and Railway Vehicles at the Budapest Uni-

versity of Technology and Economics has a long term research program developing methodol-

ogies for determining the environmental impacts and their application [12 – 16]. 

The Research program has resulted to developing a special total performance index and meth-

odology for its calculations.  The simplified and unique index evaluating the total impact is 

given in form of total cost induced by all life cycle effects of transportation system in form of 

related to unit of transport work (pkm or tkm): 

𝑇𝑃𝐼 =
𝑇𝐿𝐶𝐶

𝑇𝐿𝐶𝑊
=

𝑇𝑂𝐿𝐶𝐶

𝑇𝐿𝐶𝑊
+

𝑇𝐼𝐿𝐶𝐶

𝑇𝐿𝐶𝑊
= 𝑇𝑂𝑃𝐼 + 𝑇𝐼𝑃𝐼 ,  (1) 

where TPI is the total performance index, TOPI is the total operation performance index, TIPI 

total impact performance index, TLCC/TOLCC/TILCC are the total / total operational / total 

impact LCC (life cycle cost) and the TLCW is the total life cycle work. 

 

 

Fig. 6. Total and total CO2e emission and total energy consumption calculated for air transport [17] 
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The TOPI defining the operational cost of the given vehicle, given transportation mode is well 

known and applied by owners, operators, service providers. They use it in selecting the aircraft, 

evaluation of the mixed fleets determining the optimized transportation chain. While, princi-

pally, the TIPI deals with the externality. This is the index that might be used in impact assess-

ment.  

The TIPI summarizes all the impacts: 

 

𝑇𝐼𝑃𝐼 = ∑ 𝑇𝐼𝑃𝐼𝑖

𝑛

𝑖=1

=
∑ 𝑇𝐼𝐿𝐶𝐶𝑖

𝑛
𝑖=1

𝑇𝐿𝐶𝑊
 ,  (2) 

where i = 1, 2, … n define the different groups of impacts. According to the transportations 

systems, i =  safety and security; environmental impacts; system peculiarities; system support; 

use of resources. 

The TIPI for group of impacts can be determined as sum of the different effects: 

𝑇𝐼𝑃𝐼𝑖 =
∑ ∑ ∑ 𝑁𝑗,𝑘,𝑞

𝑟
𝑞=1 𝑝𝑗,𝑘,𝑞

𝑙
𝑘=1 𝐼𝑗,𝑘,𝑞

𝑚
𝑗=1 ∑ 𝑜𝑗,𝑘,𝑞,𝑣

𝑢
𝑣=1 𝑐𝑗,𝑘,𝑞,𝑣

𝑇𝐿𝐶𝑊𝑖
           ∀𝑖   , 

𝑇𝐿𝐶𝑊𝑖 = ∑ ∑ ∑ 𝑁𝑗,𝑘,𝑞

𝑟

𝑞=1
𝑊𝑗,𝑘,𝑞

𝑙

𝑘=1

𝑚

𝑗=1

 

(3) 

where j = 1, 2, … m depicts the subgroups of impacts, while k = 1, 2, … l defines the transport 

means, q = 1, 2, …, r represents the types or groups of the given transport system, v = 1, 2, …, 

u identifies the different forms of consequences, N is the number of sub-sub-group elements 

contributors to the impact, like number of vehicles defined by q, p is the parameter of the given 

types or group of system elements causes the investigated effects, I is the impact indicator of 

the given system element, o the outcomes / consequences of impact defined by I or caused by 

the events, situations associated with the I indicator, c is the conversation coefficient for calcu-

lating the (external) cost and W is the work done during the investigated period defined by p. it 

means, if the p is the parameter of function given in form of average annual unit, then the W 

should related to the year, too. For example, if the N defines the number of vehicle and p is the 

annual average running of the vehicles, then the W equals to p.  

The p parameter acts as weighting coefficient, or weighting function, too. Of course it depends 

on goals and level of studies and on the vehicle or system characteristics, parameters defined 

by the applied indicators.  The consequences, o, namely function of consequences take into 

account the outcomes form the impact characterized by the performance indicator. The conse-

quences might be divided into more forms harmonized with the applied impact indicators. For 

example, the simple accident may cause damages in (i) vehicle, (ii) transport infrastructure, (iii) 

buildings, (iv) cultural values, etc. and the human casualty might be classified, too, as fatality, 

severe and slight injury. The consequences are defined as function of outcomes, because they 

depend on level of economy and may change during the life cycle frame. 
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With taking into account the functions of parameters, impact indicators, consequences and con-

versation coefficients, the formula (3) can be rewritten in several other forms:  

𝑇𝐼𝑃𝐼𝑖 =
∑ ∑  ∑ 𝑁𝑗,𝑘,𝑞

𝑟
𝑞=1 𝑓𝑝𝑗,𝑘,𝑞

(𝑝𝑗,𝑘,𝑞)𝑙
𝑘=1 𝑓𝐼𝑗,𝑘,𝑞

(𝐼𝑗,𝑘,𝑞 ) ∑ 𝑓𝑜𝑗,𝑘,𝑞,𝑣
(𝑜𝑗,𝑘,𝑞,𝑣)𝑓𝑐𝑗,𝑘,𝑞,𝑣

(𝑐𝑗,𝑘,𝑞,𝑣)𝑢
𝑣=1

𝑚
𝑗=1

𝑇𝐿𝐶𝑊𝑖

      ∀𝑖  , 

𝑇𝐼𝑃𝐼𝑖 ==
∑ ∑  ∑ 𝑁𝑗,𝑘,𝑞

𝑟
𝑞=1 𝑓𝑝𝑗,𝑘,𝑞

(𝑝𝑗,𝑘,𝑞)𝑙
𝑘=1 ∑ 𝑓𝐼(𝐼𝑗,𝑘,𝑞,𝑣)𝑓𝑜𝑗,𝑘,𝑞,𝑣

(𝑜𝑗,𝑘,𝑞,𝑣)𝑓𝑐𝑗,𝑘,𝑞,𝑣
(𝑐𝑗,𝑘,𝑞,𝑣)𝑢

𝑣=1
𝑚
𝑗=1

𝑇𝐿𝐶𝑊𝑖
    ∀𝑖 . 

(4a) 
 

(4b) 

These methods developed for TIPI calculations can be applied to vehicle, equivalent vehicle, 

fleet, or to the transportation company, transport means, transport sector, etc. Therefore, this 

methodology developed for calculation of the introduced total impact performance index is 

structured in hierarchic form and realized in a simplified excel table. 

Applying the tool, it must be adapted to the real calculation by (i) definition the goals, (ii) size 

and (iii) level of investigation, as well as (iv) possible sources of data, (v) economic and (vi) 

societal conditions.   

Principally all the required information might be defined, derived from the existing statistical 

data, references, research reports [17 – 25]. However, the data very sensitive to the real situa-

tions including the economy, culture, etc. of the region or country investigated. Therefore, this 

paper introduces the developing excel table for TIPI calculation and demonstrates it applicabil-

ity on example e-vehicles. The describing methodology is based on formulas (4). 

The developed excel table contains the following columns: 

 number of rows, 

 region or area of investigation (like Europe, or Hungary, or it might be a large or even small 

company, etc.) 

 vode number – completed from the indexes, 

 group of impact (GI) (depicted by index “i), 

 sub-group of impact (SGI) (identified by index “j”), 

 transport means (TM) (indexed by “k”, k = 1, 2, …; namely road, railway, water, and air 

transport that might be divided into more subgroups, because the road transport contains the 

city or urban transport highway transport, rural transport, or cars, busses, light and have 

vehicles, etc., here road transport conventional hybrid and electric passenger cars), 

 number of studied elements or merit, i.e. value of the chosen governing parameter, 

 applied general parameter describing the aspects or impact calculated, 

o applied parameters, their appellations and values (for each parameter that defines – here 

– the general average running distance pro year), 

o formula (using for determining the general parameter by use of defined, applied param-

eters) and calculated values, 

 general impact indicator 

o applied indicators, their appellations and values (that defines the general impact), 

o formula (using for determining the general impact indicator) and its calculated value, 

 outcomes (determined by use of same methods as it applied to general parameter and gen-

eral impact indicator calculations), 

 cost coefficient (determined by use of same methods as it applied to general parameter and 

general impact indicator calculations), 

 work (two columns: dimension and value), 
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 results (summarized in 5 columns: TIPIi,j,k,q, TIPIi,j,k, TIPIi,j, TIPIi, and TIPI), 

 the developing excel table can be used if the parameters, impact indicators, outcomes, etc. 

will be defined and calculated. 

3. RESEARCH OF COMPARISON STUDIES 

There are two major difference in calculation of the total impact performance index of the aircraft with conven-

tional (piston engine), hybrid and electric propulsion systems, namely impact of used electric energy instead of 

the fuel that is caused by electric energy generation and impact induced by total using (production, operation, 

recycling) the electric accumulators. These impacts are considerable depending on mix in electric generation [6]. 

According to the available information [26 – 28] as average 586 MJ energy required for producing the each KWh 

accumulator capacity. By using this and data on CO2e emission of electric energy generation, the Figure 7. shows 

large differences in emission of accumulator production depending on the regions. 

Comparing to the production, during recycling of the butteries, the CO2e emissions are only 1 – 2 kg /kWh de-

pending on the applied technologies. 

 

Fig. 7. Batterey production emission (CO2e - kg/kWh) 

In the further investigation the European average mix in electric energy generation is used.  

Nowadays, the greenhouse gas emission might be accounted as one of the most important emis-

sion factor, therefore, it is used for comparison of the aircraft with different propulsion system. 

There were defined five different 4 – seater aircraft. The first one is the conventional small 

aircraft with piston engine. Two aircraft are equipped by hybrid propulsion systems, the electric 

sub-systems of which allow to fly for 15 and 45 minutes in full electric modes. Another two are 

full electric aircraft having accumulator banks of 200 and 400 kWh.  

The Table 1. contains the mass breakdown of the investigated aircraft that had been determined 

from the initial aircraft analogical to the well used Cessna 172N. The hybrid aircraft have the 

same flight performance as the initial aircraft. Because the battery their take-off weights in-

creased by 13.5 and 28.5 %. The battery masses were calculated from power density equals to 

250 Wh/kg. The masses of sub-systems were determined from the weight balance of the devel-

oped aircraft. For example the airframe mass is increasing with increasing the mass of power 

plants. The full electric aircraft can not have flight performance analogic to the initial aircraft. 

The Aircraft take-off masses were increased by 61.5 and 142.5 % in case of using 200 and 400 

kWh capacities and the range were reduced for 72.3 and 60 % respectively.  

Table 1. Mass breakdown of the investigated aircraft (kg) 
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 aircraft type / sub systems conventional hybrid 15 hybrid 45 electric 200 electric 400 

 airframe 320 345 380 440 510 

 propeller 77 77 80 87 98 

 engines 115 105 90 0 0 

 fuel 184 176 156 0 0 

 electric motor 0 40 42 44 50 

 battery banks 0 100 260 800 1600 

 commercial load  400 400 400 400 400 

 take-off mass  1096 1243 1408 1771 2658 

 performance      
 wing loading (kg/m2) 68,6 70 72 76 92 

 engine power (kW ) 120 110 95 0 0 

 energy (kWh) 0 25 65 200 400 

 cruise speed (km/h) 226 226 226 200 200 

 range (km)  1300 1300 1300 360 520 

So, as it can be seen, the full electric aircraft can not be realized still the power density will not 

minimum four time greater. Even in such case the range will be considerable reduced. 

The total life cycle CO2e emission of the investigated aircraft are shown in Figure 8.    

 

Fig. 8. The greenhouse emissions of the investigated aircraft (g/pkm) 

The figure 8. demonstrates the greenhouse emission might be considerable reduced in case of 

radically cutting the range  (electric aircraft 200). The hybrid aircraft have small reduction in 

greenhouse emissions, but it may really reduce the environmental impact in airport regions.  

CONCLUSIONS 

Nowadays, the environmental impact reduction and development of the small / personal aircraft transportation 

systems are in focus of the future aviation development. The objective of this paper was the comparison anal-

ysis of the aircraft with conventional (piston engine), hybrid and full electric small aircraft. After some pre-

liminary consideration on target propulsion systems of the future aircraft developments and electric generation 

mix, there was introduced a special total life cycle impact calculation method developed at the Department of 
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the Aeronautics, Naval Architecture and Railway Vehicles at the Budapest University of Technology and Eco-

nomics. The developed methodology has a several important novelties as (i) all the impact (environmental 

impact, safety and security, cost, cost benefits and sustainability are analysed, (ii) the impacts are evaluated on 

the vehicle and might be evaluated on the transportation system levels, and (iii) generating the total impact 

index.  

The shortly described methodology had been applied to the 5 different small aircraft: one conventional two 

aircraft with hybrid propulsion systems and two aircraft by full electric power systems. The aircraft were pre-

liminary designed with analogical flight performance of the initial conventional aircraft. The impact compari-

son was based on the total life cycle greenhouse emission determined for 1 pkm.  

The analysis has resulted to conclusions: (i) full electric aircraft might be developed with radical decreasing in 

range of aircraft, while (ii) the hybrid aircraft may have smaller environmental impact generally, and (iii) their 

most important advance is the radical catting the environmental impacts (emission) in airport regions.  

The total impact analysis required some further investigations.  
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Különböző propulziós rendszerekkel hajtott repülőgépek teljes élet-
tartam ciklus emisszió összehasonlító vizsgálata 

 

Kivonat: Ez a cikk röviden bemutatja a járművek és közlekedési rendszerek teljes hatásának az értékelésére 

kidogozott új eljárást és alkalmazását a hagyományos, hibrid és villamos hajtású repülőgépek emisszió  ösz-

szehasonlító vizsgálatára. Az alkalmazott eljárás legfontosabb sajátosságai: (i) az összes hatást (környezetter-

helés, biztonság, védelem, költség, költség-haszon, fenntarthatóság) vizsgálja, (ii) a hatások a járművek és a 

közlekedési rendszerek szintjén is értékelhető, (iii) teljes hatás indexet számol. Ez a cikk csak a különböző 

propulziós rendszerek hatásaival számol. 

Kulcsszavak: teljes hatás, hagyományos, hybrid, villamos hajtás, e-mobilitás 
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