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Abstract

:

This article describes the extent to which hybrid aircraft and all-electric aircraft can present a solution for reducing HC, CO, and NOx emissions and noise in the vicinity of airports, in the category of regional passenger aircraft. The goal of the article is to identify, basing on aircraft technical characteristics and market demands, in which sectors of air transport can all-electric or hybrid aircraft be most feasibly introduced. Firstly, a simple theoretical model based on a connection between the aircraft mass and aircraft energy consumption is used to calculate basic technical characteristics and limitations of hybrid and all-electric aircraft. Second, market demands for regional aircraft are presented and discussed, with the intention of recognising the possibilities of replacing conventional aircraft with all-electric and hybrid aircraft models in regional air transport in the near future. Third, quantity of HC, CO, and NOx, CO gas emissions of regional aircraft in Europe was calculated to recognise the possible reduction of gas emissions if hybrid and all-electric aircraft would be implemented.
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1. Introduction


Air passenger transport is rapidly growing. The associated revenue, based on the calculation of passenger kilometres (RPKs), is projected to grow annually, at a rate over of 4%, within the next 20 years. Although the fastest growth rates are expected in regions with emerging economies, such as Pacific Asia, the Middle East, Africa, and Latin America, RPKs in the more mature European market are still expected to grow at rate of 3.7% [1]. Likewise, the world fleet is expected to increase by 25,000 units from 2018 to 2037, leading to the total number of 53,600 aircraft at the end of 2037 [2]. On the other hand, main European airports are expected to reach their full capacity by 2030 [3]. If airports do not grow to meet the demand, this can lead to significant economical and other deficits [4]. One of the main obstacles preventing the growth of large-airport hubs is the environmental impact of air transport to the local environment. Larger European hubs are already inducing flight restrictions, such as disallowing take-off and landing during night hours or charging fees for gas emissions [3]. Moreover, the Advisory Council for Aeronautical Research in Europe (ACRE) has set a target to reduce NOx emissions in air transport by 80% by the end of 2020 and by 90% by the end of 2050. Likewise, the target for noise reduction is 50% by the end of 2020 and 65% by the end of 2050 [5]. Therefore, new aircraft designs should focus on solutions that can significantly reduce noise and emissions for the new generation of aircraft in the vicinity of airports.



One of the possible solutions would be aircraft electrification. Although electrification of land transport has experienced huge progress in recent years, the same outcome cannot be expected in the aircraft industry. The main reason for this is a low specific energy of batteries, of only 0.1–0.25 kWh/kg [6], compared to the energy density of kerosene, 12 kWh/kg (or 4 kWh/kg, if the efficiency of an inner combustion engine is also taken into account [7]). Moreover, the specific energy of batteries is not expected to increase significantly in the near future [6]. Consequently, all-electric aircraft would be significantly heavier and larger than conventional aircraft, due to batteries, and would reach notably shorter ranges. The possible impact of all-electric aircraft on the environment, in the case that the specific energy of batteries could be significantly increased, is studied in [8]. Apart form all-electric aircraft, a concept of more electric propulsion system is also proposed in [9] and compared with convectional and hydrogen aircraft in [10].



A hydrogen fuel-cell aircraft would be the key to bridle the low specific energy problem of batteries. Unlike batteries, hydrogen has a higher energy density than kerosene. Moreover, as the abundance of fossil fuels is limited, hydrogen is expected to be one of the major future fuels [11,12]. Such aircraft would use hydrogen in fuel-cells to provide an electric current, which would, among other things, drive an electro-motor connected to a propeller. This would present an emission-free (H2O only), low noise solution. The first prototype of a hydrogen fuel-cell ultralight aircraft has already been built by Deutsches Zentrum für Luft und Raumfahrt (DLR) [13]. Nevertheless, fuel-cell technology is still under development and commercial hydrogen fuel-cell passenger aircraft are not expected in the near future [14,15]. Moreover, as discussed in Section 2.3, due to the high mass of the hydrogen tanks, fuel-cell technology could present a disadvantage for small passenger aircraft. General concepts of hydrogen usage in aircraft industry are discussed in [16,17,18]. Technical details of fuel-cell aircraft and expected performance can be found in [19,20], while mass and shape optimisation of hydrogen aircraft for different ranges can be found in [21,22].



A feasible, medium-term solution would be hybrid aircraft. A hybrid aircraft is a propeller-driven aircraft with a combined propulsion system. Two types of hybrid aircraft are possible: parallel and serial. In a parallel hybrid aircraft, the propeller can be rotated by either a battery-driven electro-motor or by an inner-combustion engine [23,24]. During take-off and the first stages of ascent, the propeller would be driven solely by the electro-motor and, afterwards, the inner-combustion engine would take over the traction. Moreover, during descent, the battery would be partially refilled and would provide enough energy for taxiing. In a serial hybrid aircraft, the propeller is driven solely by the electro-motor. The electricity is provided either by a battery or by a generator that produces electricity from conventional fuel. The advantage of a serial hybrid aircraft is that it does not require mechanical power transfer between the electro-motor and the combustion engine, and that the generator can provide additional power during take-off, if needed. As pollutants such as HC, CO, and NOx as well as noise are problematic only in the vicinity of airports, hybrid aircraft can present a good solution by reducing minimal emissions near airports. Nevertheless, they cannot significantly reduce the overall emission of the greenhouse gases CO2 and NOx. A hybrid ultra-light aircraft Panthera has already been developed by the Slovenian company Pipistrel [25]. Some of the potential benefits of hybrid aircraft are presented in [23,26].



In this article, the possibilities of introducing all-electric and/or hybrid aircraft in the segment of regional air transport services in the near future will be discussed. It is assumed that the technical characteristics and performance of the aircraft components, such as specific energy of batteries and energy efficiency of components, are equal to what can be achieved today in ultralight aircraft. As all-electric, fuel-cell, and hybrid aircraft are propeller-driven, their technological characteristics and flight performances are similar to conventional turboprop aircraft. As turboprop technology is used only in regional aircraft, this article concentrates on the regional air transport segment. In Section 2, the basic technical characteristics and requirements of regional all-electric and hybrid aircraft are studied and presented. Based on these requirements, it is identified if, and to what extent, the solutions and technologies which have already been successfully implemented and tested in the ultra-light aircraft segment can be applied to the segment of regional commercial passenger (up to 100-seater) aircraft. Due to the technical complexity of fuel-cell technology and the current high prices of hydrogen (when compared to kerosene), fuel-cell aircraft would not be considered as a feasible near-future solution. Nevertheless, some remarks on fuel-cell aircraft sizing characteristics are made at the end of Section 2. In Section 3, an overview of the regional aircraft passenger transport market in Europe is presented, with the intention of identifying the most feasible segments for all-electric and hybrid aircraft. In Section 4, a calculation of the emissions of the HC, CO, and NOx gas pollutants is presented to identify to what extent all-electric or hybrid aircraft could reduce environmental impacts in the EU. The concluding remarks are given in Section 5.




2. Technological Characteristics of Regional Electric and Hybrid Aircraft


In this section, technological characteristics, such as energy consumption and required power output during take-off, are calculated. In Section 2.1, the energy consumption of an aircraft is estimated. From this estimation, the maximal range of an all-electric aircraft is deduced. For ranges that cannot be covered by all-electric aircraft, either hybrid or fuel-cell aircraft can be used. In Section 2.2, we calculate the power output required for take-off and and ascent, and estimate the size of battery which can provide this requirement. Finally, in Section 2.3, a rough estimation of hydrogen fuel consumption is discussed, taking into account that more a precise estimation can be given only after the exact shape of the fuel-cell aircraft is known.



2.1. An All-Electric Aircraft


To estimate energy consumption and the range of an all-electric aircraft, a procedure similar to the one described in [7] is followed, with a slight difference due to the fact that the mass of the electric aircraft does not change with the flight, due to fuel consumption.



The total mass of a conventional passenger aircraft at take-off (m) comprises the mass of the empty aircraft (me); the mass of the crew and passengers, including luggage (mp); and the mass of the fuel (mf). In the electric aircraft, fuel is replaced with batteries (mb):


m=me+mp+mb.



(1)







An average passenger has a mass of 80 kg and can carry about 20 kg of luggage [7]. The crew usually travels lighter but, for simplicity, an average total on-board mass of passengers, crew, and luggage of 100 kg per person is assumed. The exact estimation of me can be troublesome, but the data on existing aircraft show that the ratio me/m for a turboprop aircraft is 0.62, and does not vary significantly for different models (see Figure 8.1 in [7]). For larger aircraft, the ratio slightly decreases with an increase in aircraft mass, but is still around 0.5 for an aircraft with a hundred-fold larger mass (see Figure 9.27 in [7]). Moreover, the ratio me/m is 0.62 for all three versions of the ultralight aircraft Panthera—conventional, hybrid, and electric [27]. The mass of fuel depends on the total energy consumed in all flight stages: take-off, climb, cruise, descent, and taxi. As cruise represents the major portion of an average commercial passenger flight, for simplicity, the energy consumption is calculated based only on this flight phase. Below, the energy consumption in other flight stages is evaluated and discussed as well.



During cruise at constant altitude, energy is consumed to overcome a drag force. As drag is composed of a lift-induced drag that decreases with speed and a parasitic drag force that increases with speed, an aircraft flies with the cruise speed vc, where the sum of the drag forces is minimal


vc=2(mg/SW)ρCl,



(2)




where g is gravitational acceleration (g=9.81 m/s), SW is the wing surface, ρ is the air density at flying altitude, and Cl is a lift coefficient that depends on the wing shape. At this speed, the total drag force is proportional to the lift, which, on the other hand, equals the weight of the aircraft. Therefore, the energy needed to overcome the drag is


E0=mgs(L/D)max,



(3)




where m is the mass of the aircraft, (L/D)max is the maximal lift-to-drag coefficient, and s is travelled distance (range). For small passenger aircraft, a typical value of (L/D)max achievable today is 20 [28]. The energy consumption of an aircraft is therefore


E=mgs(L/D)maxμpμe



(4)




where μp is the efficiency of propeller and μe is the efficiency of power-train. By taking μp=0.8 [7] and μe=0.8 [29], the energy consumption of an aircraft can be estimated as


Ems=ws=0.22kWh/kmt.



(5)







The mass of the batteries is, therefore,


mbm=gs(L/D)maxμpμeρE,



(6)




where ρE is the specific energy of the batteries, g is defined in Equation (2), (L/D)max and s are defined in Equation (3) and μp and μe are defined in Equation (4). Note that the above equation slightly differs from the similar equation for a fuel mass of conventional aircraft, where, instead of mbm, one has lnmfm. This difference occurs due to the fact that, during flight, fuel is used up and the aircraft becomes lighter, while the mass of the batteries stays constant. Combining Equations (1) and (6) yields the equation of range:


s=ρE1.6ws0.61−N·100kgme,



(7)




where N is the number of passengers, ρE is defined in Equation (6), ws is defined in Equation (5) and me is defined in Equation (1). The specific energy of lithium-ion batteries varies within 0.1–0.25 kWh/kg [6], depending on the specific type of battery. Although it is appealing to use batteries with maximal specific energy, other factors, such as specific power, life-cycle, and safety, have to be taken into account as well. Therefore, if specific energies are allowed to vary in this range, and by taking ws=0.22 kWh/km t, one can obtain the results presented in Figure 1. Figure 1 shows the estimated empty mass of a battery-driven aircraft that is needed to carry a given payload to a given distance. The green area represents an aircraft with a 500 kg payload (e.g., pilot and four passengers), the blue area represents an aircraft with a 2000 kg payload (e.g., one pilot and 19 passengers), and the orange area represents an aircraft with a 7000 kg payload. The upper line represents a solution when the batteries with a specific energy of 0.25 kWh/kg are used, while the lower line represents a solution when batteries with a specific energy of 0.1 kWh/kg are used. As shown in Figure 1, none of the aircraft, with 500 kg, 2000 kg, or 7000 kg payload (including crew), can reach a range beyond 400 km. Furthermore, the mass of an aircraft needed to carry a given payload to a given range increases much faster with increasing range for larger aircraft; therefore, batteries are more convenient for aircraft in an ultralight category (up to eight passengers).



Next, energy consumption during take-off and ascent is estimated. To reach the final altitude h and a certain cruise speed vc, an aircraft has to gain kinetic and potential energy, while overcoming the drag force:


E0,t=12mvc2+mgh+FDs,



(8)




where m is the mass of the aircraft, FD is the drag force, and s is the distance covered by the aircraft during ascent. As the take-off distance is relatively short, the impact of the drag force is only taken into account during the climb. During the climb, the aircraft is rotated by a climb angle φ from the horizontal position. As the drag force FD points in the opposite direction of a flight, while the lift force FL stays vertical, FD and FL are no longer perpendicular. Therefore, the aircraft uses flaps to maximise the L/D ratio in this position. Furthermore, the aircraft flies with a somewhat higher speed than what would be the optimal cruise speed for that given height. Consequently, L/D during ascent is lower than (L/D)max, and we assume that L/D=15. As the energy loss term, due to the drag in Equation (8), is small compared to the terms for kinetic and potential energy gain, we expect to reach a reasonably good approximation of energy consumption during ascent, even though the precise value of L/D is not known. Therefore, the total energy consumption of the aircraft during ascent can be estimated as


Et=mgμeμpvc22g+h+s(L/D)=mgμeμpvc22g+h1+1sinϕ(L/D).



(9)







From Equation (8), it can be concluded that, to reach a cruise speed of around 500 km/h or to gain 1 km in altitude, an aircraft will use approximately the same amount of energy as that used for flying 25 km during cruise. As typical turboprop aircraft have cruise speeds between 400 km/h and 600 km/h and a ceiling at around 7600 m, for electric aircraft with similar characteristics, approximately 200 km could be deduced from the ranges given in Figure 1. With a lower ceiling, all-electric aircraft would gain on range, but would fly with a reduced cruise speed. In addition, energy has to be used for other functions as well, such as heating of the pilot cabin and passenger section. Likewise, for safety reasons, some additional energy has to be kept in reserve, triggering an even larger reduction in range.



A range of the electric aircraft could be somewhat extended by expanding the wing surface. Taking into account that wings represent one quarter of the aircraft empty weight [30], and assuming that only the mass of the wings and power-train increases by increasing the mass of the aircraft, while the mass of the fuselage stays the same, a vague estimation can be reached that the electric aircraft could achieve ranges of around 300 km, if only the wing area is increased by factor of four and the ratio between wing surface and surface of entire aircraft (wetted surface) is increased by a factor of two. However, this would cause a speed decrease of the electric aircraft during cruise, by a factor of two, as well (see Equation (2)).




2.2. A Hybrid Aircraft


In this subsection, the battery power and energy requirements for hybrid aircraft are discussed, with the intention of identifying the size of a battery needed to allow for all-electric take-off and ascent, according to a classical landing and take-off (LTO) cycle (see Section 4).



In hybrid aircraft, the battery has to provide enough power for the take-off and ascent. The required power is [7]


P=mgμpμevc(L/D)max+vr.o.c,



(10)




where m denotes a mass of an aircraft, vc denotes a cruise speed, vr.o.c denotes the rate of climb, and μp and μe denote the efficiencies of the propeller and the power-train, respectively. The battery power required by an aircraft to achieve specific cruise speeds (vc) and rates of climbs (vr.o.c.) is presented in Figure 2. Figure 2 (left) presents the power needed to maintain an aircraft at given speed at level flight (first term in Equation (10)) and therefore defines the maximal speed (and height) at witch aircraft can fly. Figure 2 (right) presents the excess power needed to achieve the wanted rate of climb—a rate at which aircraft gains height (second term in Equation (10)) and therefore determines the aircraft’s agility. The technical data of the hybrid aircraft, Panthera [27], agree with the power estimations presented in Figure 2. As a typical turboprop aircraft has a cruise speed between 400 km/h and 600 km/h and rate of climb between 6 m/s and 10 m/s, comparable hybrid aircraft would need a battery pack capable of providing 150–300 kW of power per tonne of aircraft mass. A LiFePo4 battery pack with the required power output, a specific power of 2 kW/kg, and specific energy of 0.12 kWh/kg [31] would take up 7.5–15% of the overall aircraft mass, which is an acceptable solution, taking into account that the consumption in a serial hybrid aircraft can be further reduced, due to the better efficiency of a generator and electrical motor system, in comparison with the inner-combustion engine [29]. Moreover, such a battery pack would provide 9–18 kWh of energy per tonne of aircraft mass, enough for take-off and at least the first kilometre of the ascent, as presented in Figure 3.




2.3. Fuel-Cell Aircraft


Using hydrogen as a fuel in the aircraft industry presents an advantage, due to its high energy density of 33 kWh/kg. Including fuel-cell [11] and power-train [29] efficiencies, this leads to 14–16 kWh/kg of effective energy density, which is four times higher than that of kerosene. Unfortunately, hydrogen is also very light, and can only be used compressed or liquefied; therefore, it requires dedicated tanks. A tank that would keep 4 kg of hydrogen, compressed to 700 bar, has a mass of 50 kg. Likewise, a tank that would keep 6.4 kg of liquefied hydrogen has a mass of 40 kg [32]. Therefore, an effective energy density of hydrogen and tank system is approximately 1 kWh/kg for compressed hydrogen, and 2 kWh/kg for liquefied hydrogen, which is (at present) 2–4 times lower than the energy density of kerosene. Fortunately, by expanding the tank, the volume over surface ratio grows. As the mass of a tank grows with the surface area of a tank and mass of a fuel grows with its volume, the effective density of a hydrogen-tank system would grow as the tank is enlarged, as shown in Figure 4. For comparison, a 19-seater aircraft with the same aerodynamic properties as a conventional aircraft would need approximately 200 kg of liquid hydrogen for a 500 km range.



Furthermore, the density of hydrogen compressed to 700 bar is 40 g/L and the density of liquid hydrogen is 71 g/L [11], meaning that liquid hydrogen and compressed hydrogen tanks would be three and five times larger than the kerosene tanks, respectively. On the other hand, this would lead to an increase of overall surface area to wing area ratio and, consequently, a reduction of the aerodynamic characteristic of the aircraft. The maximal lift-over-drag ratio (L/D)max could be reduced from 20 to 17 [22]. Therefore, in a best-case scenario, a 19-seater aircraft could have a similar mass to a conventional aircraft, while larger aircraft could be even lighter.





3. Estimation of Potential Number of Aircraft That Could Be Replaced with All-Electric or Hybrid Aircraft in Near Future


In this section, the potential number of aircraft that could be replaced with all-electric or hybrid aircraft in near future is discussed.



Conventional passenger aircraft are usually classified into three categories: single-aisle (narrow-body), twin-aisle (wide-body), and regional aircraft. Regional aircraft are the smallest type of aircraft, which can typically carry up to 100 passengers. Depending on the engine type, regional aircraft can be further divided into regional jets and turboprops. In turboprop engines, the energy released from combustion is used to rotate a propeller. The propeller then provides the thrust that drives the aircraft. On the other hand, the energy released by combustion in jet engines is used to accelerate exhaust gases backwards, providing the thrust that pushes the aircraft forwards. Due to the difference in mechanism, turboprop engines can provide less thrust than jet engines, but can use fuel more efficiently. Consequently, turboprop aircraft fly at lower attitudes and with lower speeds than regional jets, and are more suited for shorter ranges. As all-electric and hybrid aircraft are also driven by a propeller, their flight performance is very similar to turboprop aircraft. Therefore, it can be assumed that hybrid aircraft could replace turboprop aircraft, but not necessarily jet aircraft. The latter would occur only if the ecological impact prevails over the speed advantages of jet aircraft. According to FlightGlobal [2], it has been predicted that, in the period from 2018 to 2037, over 45,000 new aircraft will enter the flight service, either as a replacement for old models or due to the increase in passenger aircraft traffic; furthermore, 16% of these aircraft will be used in Europe. Around 4000 of all new aircraft will be regional jets and around 3000 turboprops. Therefore, potentially, around 40% of newly-produced regional aircraft could be exchanged for hybrid aircraft without any loss in flight performance (around 500 being in the EU).



Furthermore, the International Civil Aviation Organization (ICAO) divides commercial air passenger transport services into scheduled and non-scheduled flights. Scheduled flights are defined as flights that are scheduled and performed according to a published timetable, or flights that are so regular that they can establish a recognisably systematic series. In either case, they are open to direct booking by the public. Non-scheduled flights, on the other hand, do not operate according to a published schedule, and are sold to public individuals. Non-scheduled flights can be further divided into charter and on-demand flights, the latter including air-taxi, commercial business aviation, and other similar services.



All records of scheduled flights are kept in databases, such as Official Airline Guide (OAG). According to the OAG demo database [33], in 2017, 51 airports in the EU operated regular flights with 1–8 seater aircraft; 150 airports operated regular flights with 9–19 seater aircraft; and 484 airports operated regular flights with 20–70 seater aircraft. Figure 5 represents a summary of the number of passengers in 2017, classified by the flight range. According to Figure 5, a vast majority of flights using 1–8 seater aircraft were operated over ranges shorter than 50 km. These flights can be efficiently covered with small, all-electric aircraft. Furthermore, 9–70 seater aircraft covered ranges up to 500 km, and could therefore be replaced with hybrid aircraft without a considerable loss in flight performance.



Nevertheless, apart from scheduled flights, the number of on-demand business flights in EU is constantly growing and can present an important aircraft service potential in the near future. In general, on-demand business aviation is growing rapidly. For example, for the eight city areas in Europe which were considered in an European Business Aviation Association (EBAA) study [34], in 2016, the number of direct connections had increased by more than 450% on average, compared to regular scheduled commercial flights. The key locations where business flights operate best are Germany, the U.K., Switzerland, Italy, and France. Moreover, on-demand flights covered 25,280 city or area pairs in Europe which were not connected by non-stop scheduled direct flights, representing approximately 31% of the total city pairs analysed in [34]. To sum up, around one in every three connections is not connected by any direct scheduled flight, meaning that the connection would not exist without on-demand business flights. According to the PrivateFly report [35], the business aviation fleet, servicing on-demand flights in EU in 2017, was comprised of 955 light jets (26.7% of the fleet) and 2177 turboprops (34.2% of the fleet). The rest were heavy and mid-sized jets. Nevertheless, as shown in Figure 6, light jets seem to be replacing turboprop aircraft, leading to a conclusion that, in the on-demand flight sector, speed is treated as more important than cost. Furthermore, unlike scheduled flights, on-demand flights tended to cover higher ranges (above 500 km). Therefore, it is questionable whether hybrid aircraft (based on propeller propulsion) would be a suitable option for covering this section, as well.




4. Emission Analysis of Regional Air Transport in EU


Aircraft emit particles and gases, such as carbon dioxide (CO2), water vapour, hydrocarbons (HC), carbon monoxide (CO), nitrogen oxides (NOx), sulphur oxides (SOx), lead, and black carbon [36]. Carbon dioxide and water vapour are normal combustion by-products, while carbon monoxide and hydrocarbons are products of incomplete combustion. Nitrogen oxides, on the other hand, are produced by nitrogen binding with oxygen at high temperatures and high pressures. Carbon monoxide is a toxic gas that binds to haemoglobin and, therefore, reduces its ability to carry oxygen. CO is deadly at high concentrations while, at lower concentrations, a human body naturally recovers from poisoning in a couple of hours or days (depending on severity of poisoning). Hydrocarbons are major contributors to smog, and prolonged exposure to HC can cause lung and liver diseases, as well as cancer. Nitrogen oxides contribute to the formation of smog and acid rain and can cause lung and heart diseases. Furthermore, NOx (including N2O) gases have a significant greenhouse effect. Carbon dioxide is not toxic, but is a major greenhouse gas. Therefore, HC, CO, and NOx can be considered as local pollutants and their concentrations should be regulated in the vicinity of airports, while CO2 and NOx (including N2O) should be considered as global pollutants and contributors to the greenhouse effect. In the section, only local pollution is considered.



Aircraft emissions of HC, CO, and NOx in the vicinity of airports can be estimated, according to the classical landing and take-off cycle (LTO) [37], which is divided into four phases: take-off, ascent, approach and idle (taxiing). The idle phase is further divided into taxi-in and taxi-out. During taxi-out, the aircraft approaches a runway. The take-off phase involves acceleration along the runway, while the aircraft is still in contact with ground, and lasts on average t1=42 s. The ascent lasts from the moment when the aircraft is airborne, until it reaches a height of 3000 ft (approximately 1000 m); on average, it lasts t2=132 s. The landing procedure starts when the aircraft is at 3000 ft height; it lasts approximately t3=240 s. Landing is followed by taxi-in. The idle phase (taxi-in and taxi-out combined), on average, lasts about t4=1560 s.



The total emissions, EI (in grams), of an aircraft can be calculated, using the equation


EI=∑m=14EimtmWf6m,



(11)




where Eim denotes an emission index at a mth phase, tm is an average time duration of the mth phase, and Wf6m is the fuel flow during the mth phase. The sum is taken over all four LTO phases, as described above. It is assumed that the fuel flow represents 100% of the maximal fuel flow at take-off, 85% during ascent, 30% at approach, and 7% at idle [38].The data on emission indexes and fuel flows were taken from the ICAO Aircraft Engine Emissions Databank, measured according to the procedures in the ICAO Annex 16, Volume II, and certified by the States of Design of the engines, according to their national regulations [39]. Unfortunately, in the ICAO database, there are no emission data concerning engines used in 1–8 seater aircraft. Furthermore, the engine emission data are available only for three of 21 total engines used in the 9–19 seater aircraft, and only for 12 of 38 total engines used in the 20–70 seater aircraft, operating in EU airspace. Therefore, only an estimation of the total quantities of HC, CO, and NOx emissions could be done on the basis of the available data. First, a weighted average, based on an actual number of flights, was calculated only for flights for which the engine emission data were available. Calculation was done separately for both categories (9–19 and 20–70 seater aircraft). The average emissions were then multiplied by the total number of flights in each category. Both scheduled and on-demand flights were taken into account. The results for 2017 are presented in Table 1. Taking into account that the RPKs for EU are growing at rate of 3.7% [1], it can be estimated that the calculated gas emissions will double by 2035, if aircraft technology does not change. The geographical distribution of gas emissions for scheduled flights is presented in Figure 7.



Based on the calculations presented in Section 2, it can be concluded that hybrid aircraft can be equipped with a battery/batteries that could provide enough energy for the take-off procedure of a classical LTO cycle (Eout). Similar conclusions can be reached from the fuel flow data and time durations of the LTO phases:


Eout=t1+0.85t2+0.07t42E0t1=5kWh/t<9kWh/t,



(12)




where E0 is the energy used during the take-off phase, estimated from Equation (9). For a take-off speed of vtakeoff=250 km/h, one yields E0=1.03 kWh/km. Moreover, during descent, the battery could be partially refilled to provide energy for the landing procedure as well. Therefore, the implementation of hybrid aircraft would significantly reduce the HC, CO, and NOx emissions calculated in Table 1.




5. Conclusions


It may be concluded that hybrid (battery–conventional fuel) aircraft can provide a good solution for the reduction of NOx, HC, and CO emissions in the vicinity of airports. Hybrid aircraft also produce significantly less noise during take-off and, therefore, contribute to the reduction of noise pollution as well. The substitution of convectional regional aircraft with hybrid or all-electric aircraft would be most beneficial for the Scandinavian countries and the UK as they have the highest gas pollution caused by regional aircraft in EU, as shown in Figure 7. As an ultralight hybrid aircraft has already been developed, similar concepts can be used for regional aircraft. Hybrid aircraft could be equipped with batteries large enough to enable all-electric take-off and landing. On the other hand, all-electric aircraft could be successfully used, but only for aircraft with up to eight seats and short ranges. Such aircraft could be used for scheduled flights replacing conventional 1–8 seater aircraft, and for services such as panoramic sight-seeing. On the other hand, for services where long ranges with high speeds are expected, such as on-demand flight services, neither all-electric nor hybrid aircraft of current design could meet the demands. Therefore, it would be convenient to design a hybrid aircraft model that could combine a battery-driven propeller with a jet engine. Moreover, a further development can be expected in optimisation of aircraft shape and in the improvement of battery technology. Nevertheless, neither all-electric nor hybrid aircraft could significantly reduce the overall emissions of the greenhouse gases CO2 and NOx. The latter can be reduced by using fuel-cell aircraft, but only if hydrogen could be produced from renewable sources. Moreover, a fuel-cell aircraft will be economically feasible only when the price of hydrogen fuel (compared to price of kerosene) is competitive enough, which is not the case, at present.
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	ICAO
	International Civil Aviation Organization



	OAG
	Official Aviation Guide



	RPK
	Revenue Passenger Kilometres



	L/D
	lift over drag ratio



	r. o. c.
	rate of climb



	LiFePO4
	Lithium iron phosphate battery



	LTO
	landing and take-off cycle



	NOx
	nitrogen oxides



	CO
	carbon monoxide



	HC
	hydrocarbons



	CO2
	carbon dioxide



	N2O
	nitrous oxide



	H2O
	water vapour



	SOx
	sulphur oxides



	t
	tonne (1000 kg)
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Figure 1. Estimated empty mass of an a battery-driven electric aircraft, in dependence of its achievable range, with similar design concept as a conventional aircraft and with: (green) 500 kg of payload and crew; (blue) 2000 kg of payload and crew; and (orange) 7000 kg of payload and crew. The shaded area represents the solution for batteries with a specific energy in range of 0.1–0.25 kWh/kg, with the assumption that all energy is used only for cruise. 
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Figure 2. Battery power per tonne of aircraft mass required by an aircraft; (left) to maintain a certain speed; and (right) to achieve a specific rate of climb. 
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Figure 3. Energy consumption per tonne of aircraft mass required by an aircraft to achieve a specific: (left) speed; and (right) altitude. 
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Figure 4. Effective energy density of a hydrogen-tank system, in dependence of its capacity for: (blue area, full-line) liquid hydrogen; and (green area, dashed-line) compressed hydrogen. For comparison, the black (thin) line presents the effective energy density of kerosene. 
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Figure 5. Number of passengers for 1–8 (blue), 9–19 (orange), and 20–70 (green) seater aircraft in the European region in 2017. 
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Figure 6. Share in on-demand flights for turboprop (blue) and small jets (orange) for 2017–2018 in the EU [34]. Number of city pairs covered with 1–8 and 9–19 seater aircraft, by distance [34]. 
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Figure 7. Geographical distribution of NOx gas emissions due to regional aircraft in the EU. The distributions of HC and CO gas emissions are almost identical and are, therefore, not shown as separate figures. 
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Table 1. Calculation of gas emissions for different aircraft sizes in 2017.
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Aircraft Size

	
No. of

	
Weighted Average (g)

	
for Year 2017 (Tonnes)




	
(Seats)

	
Flights

	
HC

	
CO

	
NOx

	
HC

	
CO

	
NOx






	
1–8

	
84,326

	
na

	
na

	
na

	
na

	
na

	
na




	
9–19

	
79,887

	
115.4

	
2504.2

	
1364.0

	
9.2

	
200.1

	
109.0




	
20–70

	
676,577

	
93.3

	
2672.8

	
1589.2

	
63.2

	
1808.3

	
1075.2




	
∑

	

	

	

	

	
72.4

	
2008.3

	
1184.2
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