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ANALYSIS OF ENVIRONMENTALLY FRIENDLY COMMERCIAL
AVIATION DEVELOPMENT WAYS

The goal of this study is to identify effective directions to decrease the greenhouse gas emissions of commercial
aviation. The subject matter of this research is to analyze ways known from literature to decrease the green-
house gas emissions of commercial aviation: continued evolution (which includes a lot of various methods for
partial reduction of greenhouse gas emissions with decreasing in fuel consumption), «net zero» (which in-
cludes the following methods: offsets and sustainable aviation fuel utilization), electric hybrid power plants
(parallel, series, series/parallel, turboelectric, and partial turboelectric), «zero carbony (replacing kerosene
combustion with hydrogen combustion in modified gas-turbine engines), «true zero» (tramsition to electric
cruise motors with hydrogen fuel cells or electric batteries). The tasks to be solved are as follows: learning of
the ways and detection of advantages and problems from the point of view of efficiency, technical complexity,
economy, ecology, and implementation possibility in conditions of limited funding. The methods used are:
search of the corresponding information sources in the Internet and their analysis on the basis of operational
experience in the aviation branch. The following results were obtained: in terms of found information sources,
data about existing greenhouse gas emissions and their predictive estimations, history of international agree-
ment development as for greenhouse gas emission reduction were briefly stated; actuality of this problem with
a view to mitigate the environmental impact was stressed; and the advantages and problems, which should be
solved to implement each of the considered ways, were summarized. Conclusions. The scientific novelty of the
results obtained is as follows: 1) information from numerous sources of literature that clarifies classification,
the advantages, and the problems that should be overcome for each ways implementation, was summed up in
the review article; 2) additional inherent disadvantages, which are integral to some of the ways (low efficien-
cy, high technical complexity, schedule delays, cost overruns, funding instability, doubts in their reasonability
from ecological considerations), are shown as a result of analysis and historical analogy. The direction of the
following research in this field is outlined.

Keywords: greenhouse gas emissions; gas-turbine engine; emission reduction ways; sustainable aviation fuels;
hybrid electric power plants; hydrogen aviation; fuel cells.

flights is by 3.2...3.5 % [5, 6] annularly. According to
data of Airbus [6], ICAO [8], IATA [9], the share of
commercial aviation in total anthropogenic CO, emis-

Introduction

International Energy Agency (IEA) in its statistic

collections (2017 and 2019 editions) [1, 2] affirms that,
the share of transport within CO, emissions makes
24 %; and it grows by 2 % annularly in absolute figures.
During 27 years (from 1990 till 2017), CO2 emissions of
world aviation increases by 126.4 % (that is by 4.7 %
annularly at an average). In absolute figures CO, emis-
sions of world aviation made nearly 1.8 % of anthropo-
genic CO2 emissions in 2017.

Aviation Transport Action Group (ATAG) in its
reports (2016 and 2020 editions) [3, 4] announce that,
CO; emissions of world aviation makes 2.1 % of all
anthropogenic CO, emissions.

It is assumed that, total CO, and NOy emissions of
world aviation from 2018 till 2050 will grow as mach as
2.6 and 3.2 times correspondingly, bat during the land-
ing and takeoff cycle — as mach as 3.8 and 2.4 times [5].
As predicted, number of passenger flights in 2023-2042
increases from 3.6 % [5, 6] till 6.1 % [7], and cargo

sions from 1990 till 2019 is rather stable and makes
approximately 2 %.

As early as in 1997 in Kyoto Protocol [10], a de-
sire to reduce concentration of greenhouse gases in at-
mosphere to the level, would not constitute danger was
stated. Developed countries undertook that, their overall
emissions of greenhouse gases do not exceed the
amounts, established by this Protocol (92...95 % rela-
tively level of base year), and to reduce their overall
emissions by at least 5 % below 1990 levels in the peri-
od 2008 to 2012.

In 2001, European Commission [11] set a goal to
reduce CO, emissions by 50 % and NOy — by 80 % till
2020. In 2011, European Commission [12] set a goal to
cut CO, emissions by 75 % and NOy by 90 % till 2050
as compared with 2000. In 2013, ICAO [8] set a goal to
reduce CO. emissions by 50 % in 2050, as compared
with 2005. In 2015 in Paris Agreement [13], the goal
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was sat to hold the increase in the global average tem-
perature to well below 2 °C above pre-industrial levels
and pursuing efforts to limit the temperature increase to
1.5 °C above pre-industrial levels. Despite the pandemic
in 2020, ICAO [9] confirmed its intensions mentioned
above. In 2021, the commercial aviation established a
challenging goal to achieve net-zero carbon emissions
by 2050 (Fig. 1) [14, 15].

Thus, the problem of reduction of emissions of
greenhouse gases (in the first place CO, and NOy) is
extremely actual one for the following development of
commercial aviation and for mitigation of environmen-
tal impact.

1. Classification of Ways to Mitigate
Harmful Emissions
of Commercial Aviation

In the Roland Berger survey [16], the five possible
ways to mitigate harmful emissions to the atmosphere
were given: continued evolution; «net-zerox»; electric
hybrids; «zero carbony, and «true zero» (Table 1).

The authors denote advantages of hydrogen appli-
cation in comparison with SAFs (considerable reduction
of harmful emissions to the atmosphere, possibility to
use solutions from other branches of industry), and in
comparison with electric batteries (higher gravimetric
density, relatively fast refueling capability).

But hydrogen application has also some draw-
backs: necessity of engine considerable redesign, prob-
lem of hydrogen (having too low volumetric heat of
combustion and high diffusion coefficient) storage
onboard aircraft, unforeseen consequences of increased
water emissions to the atmosphere, sustainable produc-
tion of sufficient quantity of hydrogen, necessity of
ground servicing infrastructure improvement, great cost.

The authors conclude that, in future small aircraft
having short flight ranges will turn to electric motors
with batteries; regional and narrow-body airplanes will
be the battleground between hydrogen turbofans and
HEPP; big and heavy aircraft turn to SAFs application.

It seems pointful to consider these ways a little bit
particularly.
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e investment in technology and operational o8 ) emissions
S 3000 improvements since 1990 LA Required without
2 EMISsIons additional
S 2000 reduotlons‘ ____® efforts:
R ¥ o 2,000 Mt
o 1000 \ Net-zero
O 0 @ CO,
1990 2000 2010 2020 2030 2040 2050emissions
Fig. 1. Quantity of world aviation CO, emissions vs. years [14]
Table 1
Ways to mitigate harmful emissions to the atmosphere by commercial aviation [16]
Contlny ed «Net zero» Electric hybrids «Zero carbony «True zero»
evolution
Methods that par- | Methods that reduce | Methods that reduce | Methods that | Methods that re-
tially reduce | net emissions: greenhouse gas gross | reduce  carbon | duce all  gross
greenhouse gas | Offsets—  funding | emissions by 10...50 %: | gross emissions | emissions to zero:
emissions: gas- | tree planting, renew- | Parallel hybrid-electric | to zero: Transition to elec-
turbine engine | able energy projects, | power plants (HEPP); Replacing kero- | tric cruise motors
(GTE) efficiency | etc. to mitigate CO, | Series HEPP; sene combustion | with hydrogen
increase, im- | emissions; Series/parallel HEPP; with  hydrogen | fuel cells or
provement of air- | Sustainable avia- | Turboelectric ~ power | combustion in | with electric bat-
plane design and | tion fuels (SAFs) — | plant (PP); modified jet | teries (which are
structure, air traffic | biofuels, waste-to- | Partial  turboelectric | engines. charged at ground
control system, etc. | fuel, synthetic fuels. | PP. from renewable
sources).
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2. Continued Evolution

ATAG in its reports (2016 and 2020 edi-
tions) [3, 4] states that, aircraft fuel efficiency since
2009 till 2020 has been improving by 2 % annularly due
to aerodynamics refining, application of new technolo-
gies, composite materials (for aircraft main load-
carrying structure, seats, cabin trolleys, Kevlar cargo
containers (which also ensure fire-resistance) [17]) and
composites with ceramic-matrix (in engines); applica-
tion of additive technologies (which reduces both part
mass and manufacturing waster) [18]; winglets installa-
tion (which can reduce fuel consumption by around
4 %); using tablet computers by flight crew instead of
paper-based flight manuals (which can weight up to
20 kg) [4].

Transition from stepped climb and descend to con-
tinuous ones with the goal to reduce fuel consumption
(which gives on average reduction of CO. emissions by
50 kg and 150 kg per flight accordingly) [19]. More
close informational interaction between airlines and
airports allows reducing in-flight waiting time [4]. Now,
many airlines use only one engine during taxing, but it
is planned to apply towing with electric cars [17] or
electric motors built-in  airplane landing gear
wheels [18]. Using ground sources of electric power and
high-pressure air for environment control system and
engine starting instead of auxiliary power plant (APU),
allows avoiding additional fuel consumption for the
APU [4]. Engine ingestion of dust, insects and other
foreign matter during taxing, takeoff and landing results
in fuel consumption increase, thus regular internal en-
gine washing allows to avoid this (each extra kilogram
of burned fuel gives 3.15 kg of CO,) [20].

Transition from traditional for mid-20th-century
zigzagging flight trajectory to optimized (close to or-
thodromy) and more precise trajectory due to applica-
tion of satellite navigation technologies and procedures
referred as «performance-based navigation» [4]. Substi-
tution of the traditional flight trajectory along fixed
routes by ground-based navigation aids avoiding re-
served areas off airspace to more optimal trajectory,
taking into account weather conditions, especially wind
direction, due to application of «free route airspace»
technology and satellite navigation, decreasing sizes or
temporal free up these reserved areas (but here ques-
tions of aircraft nose influence to ground people
appear) [18, 21]. Such projects as Single European Sky
ATM Research (SESAR) in Europe [22] and Next Gen-
eration Air Transportation System (NextGen) in USA
[23, 24] are started with the purpose to optimize routes,
which promise considerable reduction of greenhouse
gas emissions.

Reduction of CO, emissions is also achieved by
airport means: application of LED lighting, electric

ground transport and equipment using renewable
sources of electric energy, and also due to transition
from airport waster utilization in waster tip to its recy-
cling and energy production from the waster (using ma-
terials, which allows easy recycling) [4, 25]. Decrease
in quantity of airport waster due to single-use means
(utensil, bottles, cutlery) substitution with reusable ones,
which is banned now according to hygiene considera-
tions [4]. Now, rules are developed [26, 27] to resolve
this contradiction. Work is also underway for ecological
utilization of retired airplanes [28].

Looking for new configurations of commercial
airplanes continues. M.-S. Liou et al. in NASA re-
port [29] analyze different versions of engine arrange-
ment in airplane of blended wing-body (BWB) configu-
ration (two turbofans in separate nacelles with pylons
above the body, three blocks of a turbofan with mechan-
ical drive for two additional fans on each side of each
nacelle, 16 electric motors in common nacelle above the
body without pylons). Due to closed integration and
optimization of engine arrangement in airplanes of these
configurations, authors hope to get considerable reduc-
tion of fuel consumption (by 33...60 %) and NOy emis-
sions (by 55...80 %) in comparison with the best air-
planes of 2005.

W. Graham et al. in publication [30] consider sev-
eral configurations of commercial airplanes (tube-and-
wing (TW), BWB, laminar flying wing (LFW)) and
their possibilities to reduce harmful emissions to the
atmosphere. As far as these possibilities are insufficient
to achieve goals set by European Commission [12], the
authors make conclusion, that big investments are re-
quired in scientific research and technology develop-
ment.

F. Linke et al. consider possibility of Intermediate
Stop Operations (ISO) for commercial flights, which
allows reduction of gross COz, NOy, H:0, and SO;
emissions due to decreasing of fuel storage [31].

One more known (but almost forgotten in aviation)
technology for GTE characteristic improvement is cool-
ant injection in its compressor or combustor. Earlier, it
was used for short-term thrust increasing during takeoff,
but it was canceled when enough powerful engines ap-
peared. Now, this technology is again considered as one
of the ways to decrease NOx emissions [32, 33].

Thus, advantages of continued evolution are those,
that it is performed by clear improvement methods of
aircraft, engines and infrastructure, some of which have
already been implementing, in addition this way distin-
guishes by minimal technical risk and required invest-
ments (which becomes critical taking into account
world economical crisis). The drawback of continuous
evolution is that, it only allows reduction in quantity of
CO; and NOy emissions, which is assumed insufficient,
accounting pace of world industry development.
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3. «Net Zero»

This way is based on two methods: offsets and sus-
tainable aviation fuels (SAFs) [16].

Offsets mean increase in taxes and introduction of
fines for airports and airlines in case when their green-
house gas emissions exceed limits (which leads to cost
of flight increase for passengers). Collected many
should be directed to funding tree planting, renewable
energy projects, etc. to mitigate CO, emissions [16]. But
practically, these many are not always reinvested in
environmental improvement measures; which causes
criticism of this method by airlines [4].

SAFs (which are also referred as biofuels, renewa-
ble aviation fuels, renewable jet fuels, alternative fuels,
and biojets) are safe replacements for conventional (fos-
sil-based) fuel that could reduce carbon emissions. They
are almost chemically identical to traditional jet fuel,
but they are generated from feedstocks, that absorb CO,
and provide a net (that is during all fuel lifecycle) reduc-
tion in CO, emissions when compared to fossil
fuels [34].

T. Edwards et al. in publication [35] stress that, al-
ternative aircraft fuels derived from coal, biomass, tar
sands, and oil shale are desirable in terms of reducing
dependence on petroleum for both military and com-
mercial aviation; in addition this fuels should be fully
interchangeable with current fuels in performance and
handling («drop-in»), with no degradation of safety-of-
flight, cost-competitive, sustainable, capable of being
produced in significant quantities, and have low lifecy-
cle greenhouse gas footprint.

SAFs include the following: traditional aviation
fuels (but produces from sustainable feedstocks: waste
oils and fats, municipal solid waster, forestry residue,
industrial waste gases, CO, from the atmosphere etc.
and using low-carbon electricity), biofuels (produced
from plants, algae, vegetable oil, animal fat, sugar cane
etc.), low-carbon fuels; liquid natural gas etc. [16, 4, 36,
17].

It’s assumed that, plants for SAF production
should grow on land that qualified as marginal, aban-
doned or unviable for growing food, but is suitable for
growing energy crops. So SAF production can give
economic benefits to developing countries, where the
plants will grow. But production of biofuels can lead to
negative changes in the use of agricultural land and wa-
ter, increase in food prices, influence on local environ-
ments via irrigation, pesticides and fertilisers [34].

As of January 2022, seven SAF production pro-
cesses have been approved by ASTM International.
SAF are allowed to add into fossil fuels in concentra-
tions, which do not exceed 50 %. It is planned to
achieve 100 % concentration till 2030. Emissions from
the combustion of SAF are comparable to fossil fuels;

than the reductions in greenhouse gas emissions origi-
nate during their production [37].

Fuels produced by Fisher-Tropsch process general-
ly produces approximately 2.4 % less CO,, 50...90 %
less particulate matter, and 100 % less sulfur than con-
ventional petroleum-based fuels; these fuels also have
excellent low temperature properties and superior ther-
mal stability that can improve high altitude operation
and low temperature starting [38]. But total life-cycle
carbon emissions of these fuels can be twice those of
conventional fuels (without involving any carbon cap-
ture and sequestration technology during fuel produc-
tion) [39].

Biofuels derived from camelina, micro-algae, and
jatropha deliver 70 %, 58 %, and 64 % of life cycle
emissions savings, respectively, relative to Jet A-1; but
biofuels have some drawbacks that include low energy
density, poor high-temperature thermal stability, storage
instability, etc. [40].

SAF are primarily composed of iso- and normal
alkanes with a small fraction of cyclo-alkanes, negligi-
ble aromatics and almost no heteroatom and sulfur
compounds, which results in high flashpoint
(43...55°C), low freeze point (-49...-78 °C) and high
thermal stability. But from other hand side it worsens
fuel lubrication properties and leads to potential failure
of engine seals (because aromatics cause seal to swell
and prevent leakage) [38].

A. Goldmann et al. in publication [41] consider
five potential electrofuels (n-octane, methanol, methane,
hydrogen, and ammonia), that is fuels, which are neutral
with respect to greenhouse gas emission, and use re-
newable energy for their synthesis. Authors stress, that
the main problem of aviation transition to renewable
electric energy utilization for thrust generation is limited
energy storage in onboard batteries. An alternative is
renewable electric energy transformation on the ground
in gaseous or liquid fuel (electrofuel), its uplifting and
further utilization onboard aircraft as an energy source.
Basing on digital simulation of chemical combustion
processes and turbine operation, the authors give prefer-
ence to n-octane, emphasizing necessity of engine com-
bustor considerable redesign in case of transition to oth-
er electrofuel utilization (methanol, methane, hydrogen
and ammonia).

H. Braun in publication [42] states that, even if all
of the corn in the USA was used to produce biofuel
(ethanol), it would only displace 12 % of the gasoline
now used, but even the relatively small amounts of bio-
fuels being produced in 2008 leaded to substantial in-
crease of food prices worldwide. Moreover, such biofu-
els as ethanol is not renewable because it depletes the
soil 18 times faster than it can recover, and it typically
requires more energy from fossil fuels to make them
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from corn than the ethanol will generate when it is used
as a fuel.

In 2020, utilization of SAF made about 1 % of to-
tal quantity of aviation fuel. Advantages of SAFs are:
possibility of their production from sustainable feed-
stocks and considerable reduction of CO, emissions
during this production. The drawbacks of SAF utiliza-
tion are: cost higher than of traditional ones and limited
production quantities [3, 4].

As the majority of emissions come from flights of
large aircraft, where both electric and hydrogen would
not be viable until well into the middle of the century;
SAF remain the most important energy shift for aviation
in the medium and potentially long-term [34].

It is assumed that, SAF will contribute between 53
and 71 % of the emission reductions needed to get to
net-zero by 2050. But for this purpose, it is necessary to
provide an adequate supply of sustainable feedstock,
low-carbon energy sources and production capaci-
ty [34].

Reminding high school chemistry course, it is easy
to estimate carbon mass fraction in alkanes (C,H,,.5 ),

alkenes or cyclo-alkanes (C,H,,, ), alkynes (C,H,,_»)
and monobasic alcohols (C,H,,,;OH ) (Fig. 2):

12n 12n
Cl=———; Cl=——;
() 12n+2n+2 () 12n+2n
12n 12n
(C) 12n+2n-2 co()

T 12n+2n42+16

where n is the of number carbon atoms in molecule.
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Fig. 2. Carbon mass fraction in molecules of:
1 — Alkanes; 2 — Alkenes or cyclo-alkanes; 3 — Alkynes;
4 — Monobasic alcohols; 5 — Together with oxygen
in monobasic alcohols

It is clear from the graphs, that methanol has the
lowest carbon mass fraction (0.375) among considered
substances, which is 2.246 times lower than for octane
(0.842).

Writing down oxidation equations for these sub-
stances:

2C,Hyp 4o +(30+1)0, =2nCO, +2(n +1)H, O;

28n+4 88n
1 X
2C,H,, +3n0, =2nCO, +2nH,0;
28n 88n
1 X

2C,Hyy_p + (30 =1)0, =2nCO, +2(n —1)H,0;
28n—4 88n

1 X
2C,Hyp 1 OH +3n0, =2nCO, +2(n +1)H,0;
28n+36 88n

1 X

we get, that complete combustion of 1 kg of alkane pro-
duces x =88n/(28n +4) kg of CO; 1kg of alkene (or

cyclo-alkane) — x =88n/28n =3.143 kg of CO; 1kg
of alkyne — x =88n/(28n —4) kg of COy; 1 kg of mon-
obasic alcohol — x =88n/(28n +36) kg of CO; (Fig. 3).
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Fig. 3. Mass of CO; produced during complete
combustion of 1 kg of: 1 — Alkanes; 2 — Alkenes
or cyclo-alkanes; 3 — Alkynes; 4 — Monaobasic alcohols

That is complete combustion of 1 kg of methanol
produces 1.375 kg of CO,, which is 2.246 times lower
than complete combustion of 1 kg of octane (3.088 kg)
does. Taking into account the fact, that due to hydrogen
bonds, methanol is a liquid under normal temperature
and pressure, its transportation, storage and uplifting are
rather easy compared with ammonia or natural gas, let-
ting hydrogen alone.

Thus, advantages of «net zero» way are usage of
traditional structures of aircraft, engines, and infrastruc-
ture, little technical risk and required investments (in
aviation branch). This way is also being partially im-
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plemented. The drawback of the «net zero» way is that,
it allows only reduction in quantity of net CO, emis-
sions, but these emissions during GTE operation at
cruising altitude remains as is, and also big required
investments in these fuel manufacturing.

4. Hybrid-Electric Power Plants

HEPP represent a bridging technology towards all-
electric PP and allow manufacturers to obtain opera-
tional experience with systems, consisting of two differ-
ent energy sources, driving propulsors, until batteries
reach required technological level [43].

A. Isikveren et al. in publication [44] have done
wide conceptual research of HEPP parameters using
gradient method.  Authors use a term Degree-of-
Hybridization (DoH) of power and for energy for HEPP
classification:

where P, Ps are power of the second power source
(electric motors) and total power of HEPP; E., Ey are
energy of the second source (battery) and total energy
on board A/C.

According to the Committee on Propulsion and
Energy Systems [45], airplane’s electric PP can be clas-
sified in six different schemes (Fig. 4, Table 2).

Table 2
Classification of PP [45]

Power plant Hp Hg
All electric PP 1 1
Series HEPP 1 (0..1)
Parallel HEPP (0..1) | (0..1)
Turboelectric PP 1 0
Series/parallel HEPP (0..1) | (0..1)
Partial turboelectric PP (0..1) 0
Traditional PP 0 0

The first is all-electric PP (Fig. 4, a), which use batteries
as the only source of energy and are limited by the pow-
er-to-weight ratio of batteries. PPs, where batteries pro-
vide extra power for propulsion are called HEPP. In
series HEPP (Fig. 4, b), only electric motors are me-
chanically connected to the propellers/fans. Turboshaft
engine drives a generator that provides electric power
for the electric motors. Extra power (e. g. at take-off)
can be provided by the batteries. In a parallel HEPP
(Fig. 4, ), the GTE and electric motors with propel-
lers/fans can produce propulsion in parallel, and electric
motors can be powered by batteries, the GTE or both.
Series/parallel HEPP (Fig. 4, €) has one or more propel-
lers/fans that can be driven directly by a GTE as well as

other propellers/fans that are driven by electrical mo-
tors. The motors can be powered by a battery or by a
GTE-driven generator. Turboelectric PP (Fig. 4, d) uses
a turboshaft engine with an electric generator as only
source of electric energy for electric motors rotating
propellers/fans. Partial turboelectric PP (Fig. 4, f) dis-
tinguishes from series/parallel HEPP by electric battery
absents only.

HEPP promise set of advantages.

1. Depending on electric power source, reduction
of CO. in-flight emissions [46, 47].

2. More efficient energy conservation and trans-
formation, more-reliable systems [48]. Even if electric
energy is produced by ground gas turbines, their effi-
ciency is usually higher than of aviation GTE. In case of
superconductive electric components application, elec-
tric efficiency is close to unit [46].

3. Lower noise [48, 47].

4. As GTE power settings can be constant during
the entire flight, it minimizes mechanical and thermal
stresses due to load variations. As a result, component
service life increases, that allows to extended mainte-
nance intervals [43]. M. Schneider et al. in publication
[49] stress that, if extreme turbine inlet temperature lev-
els during takeoff and climb can be avoided as the pow-
er surplus can be provided by the battery, then thermo-
mechanical fatigue and low cycle fatigue for the first
turbine stages and combustor parts can be significantly
reduced. Thus, engine aging effects are reduced and
maintenance intervals extended, which saves financial
and environmental recourses.

5. The constant power setting also offers oppor-
tunity to optimize efficiency especially around corre-
sponding base load point [43] (but according to calcula-
tion of M. Holsteijn et al., this improvement makes
about 1.0 % [50]). Thus not only fuel resources, but also
material resources and energy for part production are
saved [43]. Multiple studies have shown that HEPP can
reduce the fuel burn in regional flights by around
7...10 % with the envisaged 2030-2035 technology in
comparison to conventional propulsion system [50]. But
PP dedicated for fully electric taxiing system could pro-
vide similar (7 %) savings of fuel burn on an A-320
class aircraft, at less effort and costs [50].

6. As turbine and fan (of turboelectric and series
HEPP) are not interconnected mechanically, then each
of the units can rotate with optimal angular speed, thus
operate at optimum mode (as geared turbofans) [46].
But in parallel HEPP, electric motor connected to low
pressure turbine shaft can cause compressor surge and
push the compressors away from their most efficient
operating points, to avoid that one more electric motor
can be connected to high pressure turbine shaft, but this
increases mass and complexity of HEPP. One more
problem is arrangement of the electric motors [50].
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€

Fig. 4. Airplane’s electric PP schemes [45]: a — All electric PP; b — Series HEPP; ¢ — Parallel HEPP;
d — Turboelectric; e — Series/parallel HEPP; f— Partial turboelectric

7. There is a possibility to rotate some fans by a
turbine via reduction gearboxes (thus having very high
bypass ratio). It allows increasing of propulsive effi-
ciency of PP by 4...8 % [46], but it makes PP more
complicated and decreases its reliability.

8. HEPP allows the efficient application of wing
tip vortices without having the efficiency and weight
penalties of small GTE, the case of four or six engines
installed lead to less oversizing of each propulsor [48].
Electric motors with propellers arrangement in wing tips
allow reduction of the tip vortexes, which gives oppor-
tunity to decrease aerodynamic drag by 5... 10 % [51],
and improvement of lift properties of the aircraft with
limited weight and cost increases [48].

9. It is assumed that, application of boundary layer
suction reduces aerodynamic drag coefficient (or in-
creases PP propulsive efficiency). Utilization of multi-
ple electric motors allows boundary layer suction from
greater area, thus efficiency of low-power electric mo-

tors keeps rather high (as opposite to efficiency of gas-
turbine or reciprocating engines) [46].

10. It is assumed that, application of distributed
propulsion allows: aerodynamic drag decreasing, lift
force coefficient increasing, and air twist decreasing
[46]. The new arrangement of propulsors can lead to
better aerodynamic lift properties of the wing [52]. De-
pending on purpose and configuration of an airplane,
aerodynamic drag can be decreased by 0...8 % [53]. Lift
force coefficient increase (up to 2.4 [54, 55, 51]) allows
reduction in wing area and friction drag, and also in-
creasing in lift-to-drag ratio up to 20 [56].

11. Decrease in propeller diameters of distributed
propulsion reduces speed at their tips, which allows
their mass decreasing and simplifies meeting of bird
strike requirements. But from other hand side, boundary
layer suction by propellers forces make them stable to
disturbances, that increases their mass. In addition, dis-
tributed propulsion compels to reinforce bigger part of
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airplane airframe for the case of propeller blade destruc-
tion [46].

12. Increase in number of engines (distributed pro-
pulsion application) can lead to lower oversizing factors
of the power rating for each propulsor which is sized in
modern airplanes from condition of continued takeoff
with specified altitude gradient in case of one engine
inoperative. The vertical tail size is also designed for
steering momentums in the case of one engine inopera-
tive. When the engines are controlled and differential
thrust is used, smaller momentums have to be handled
by vertical tail, thus its sizes can be decreased [57], so
all these increases HEPP efficiency [46].

13. If electric energy is cheaper than kerosene (in
terms of specific energy), it can decrease operation ex-
penses. It is assumed that, application of electric motors
and batteries can reduce airplane maintenance expenses,
but it is not a fact yet [46].

But HEPP application requires solving a lot of
problems.

1. Two the most important parameters of electric
PP are: specific energy (energy ratio to mass unit of
energy storage device, Wh/kg) and specific power (de-
vice power ratio to its mass, MW/kg or MJ/kg). Thence
it is easy to see the first technological problem (the main
problem of electric batteries): their specific energy
(200 Wh/kg) is practically 50 times lower than kerosene
specific energy (11900 Wh/kg). It leads to considerable
increase in total energy consumption and takeoff mass
[46] (approximately by 5.5 % basing on 2030-year ex-
pected technology [50]), decreases payload and flight
range [43].

2. In spite of rather high efficiency of electric
components, necessity of their cooling is a technological
problem [46]. Increase in number of «hot points» of the
aircraft, where heat is produced, and also increase in
total amounts of heat generated, necessity of effective
regulation of various thermal loads, which are generated
by HEPP electrical components, turn designing of the
thermal management system, for an airplane with
HEPP, into a very complicated task, due to its impact on
the cooling drag, aircraft’s total mass and overall per-
formance [47].

O. Mylonas, et al. in publication [47] investigate
the possible operating media of a selected thermal man-
agement system, and their impact during the conceptual
design phase of the system. It is possible to have an air
cooled system, but its performance is highly dependent
on the flight altitude. Opting for a liquid cooled archi-
tecture, leads from the one hand to a more robust system
which is not directly affected by the atmospheric condi-
tions. It requires a lower coolant mass flow, but on the
other hand it increases overall system complexity and
mass.

3. A problem of electric batteries is absence of

mass decrease during flight, which causes additional
aerodynamic drag and actually limits flight range. Mass
ratio of electric PP can reach 33 % (comparing with
10.5 % for B-737/777) [46].

4. Although electric batteries application allows to
get rig of fire and explosion hazard problems of liquid
fuel, but it raises a new safety problem: thermal runa-
way, when self-sustaining increase in temperature and
pressure in battery occur, which can mead to fire and
toxic gases release. Thermal runaway can result from
overdischarging, overcharging, and short-circuits. It is
necessary to take into account hazards of high-voltage
equipment and superconductivity loss [46].

5. One more problem is absence of reliable models
for estimation of aerodynamic performance of novel
aircraft configurations, especially with distributed pro-
pulsion, and also cost price of electric and hybrid air-
craft [46].

A lot of authors investigated HEPP application to
modify airplanes of various classes (Do 226 [49],
ATR-42-500 [48, 58], Fokker 100 [59], Airbus 320
[60]) or engines (turbofans [61], turboprops [62]), but
all of them stress that, imperfection of existing technol-
ogies considerably decreases payload [49], or increases
takeoff mass [58], or an airplane could not provide re-
quired reserve mission scenario [58], or even emits
12 % more CO; than conventional airplane (accounting
for the battery emissions due to recharging) [58], or on-
board battery recharging capability is limited (due to a
lower system efficiency associated with two-stage con-
version process i.e. first, from chemical energy into
mechanical form and further from mechanical to electri-
cal form) [60], and extra fuel consumption [48]. In addi-
tion, the improvement potential in specific fuel con-
sumption from parallel hybridization is low [62], but
HEPP requires a trade-off between the characteristics of
the GTE and the electric power sub-systems [61].

A. Isikveren et al. in publication [44] present ana-
Iytical expressions that parametrically describe any ad-
vanced HEPP, and use them to find optimal parameters
of HEPP (Hp =0.30..0.65 and Hg =0.10..0.12)

from the condition of energy specific air range maximi-
zation.

R. Ghelani et al. believe that, a high hybridization
by power and low hybridization by energy is the most
suitable combination for fuel burn and energy consump-
tion reduction; these together with ranges below
1292 km are the only cases where the redesigned air-
craft with HEPP can have benefits in fuel burn and en-
ergy consumption relative to the baseline aircraft [59].

B. Brelje et al. in publication [46] stress that, hy-
brid and electric airplanes now can have advantages at
low flight ranges. M. Holsteijn et al. in publication [50]
concluded that, even at the optimistic technology levels
assumed, parallel hybrid-electric propulsion is not likely
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to be used in the next-generation short to medium range
aircraft. For long-range airplanes, the additional mass of
the electric PP makes it difficult to achieve any substan-
tial fuel saving.

According to optimistic estimations, it is assumed
that, the parallel scheme of HEPP can be implemented
first (not before 2030-35 timeframe) (as other HEPP
schemes need MW-class superconducting generators
and transmission systems, and newer airframes) [59],
turboelectric PP can appear within the next 30 years
[63], but cryogenic electrical components will be ready
for installation in aircraft before 2050 [46].

Other authors believe that, despite the fuel savings
and benefits of electric taxiing with a HEPP, commer-
cial aircraft with parallel HEPP are not expected to be
introduced in the coming two decades. HEPP will re-
quire a significant redesign of the aircraft PP, while the
majority of the fuel savings can be achieved by incorpo-
rating an electric taxiing system, as a ground-based
electric taxi system will require less effort to be devel-
oped than a HEPP [50].

5. «Zero carbon»

As far back as 1954, investigation of hydrogen ap-
plication as aviation fuel for high-altitude

(H=20...24 km) military airplanes did start in USA (be-
cause hydrogen burns good under low pressure, mass of
hydrogen turbojet should be a half of mass of kerosene
turbojet). It is clear from Fig. 5 that, liquid hydrogen
was planned to arrange in cylindrical fuel tanks inside
fuselage 1, wings 2 and under wings 3 [64, 65].

Fig. 5. Project of subsonic bomber
using hydrogen fuel [65]

One of the first propositions of passenger airplane
using liquid hydrogen was stated by G. Brewer et al. in
NASA report [66] as early as 1976. The authors esti-
mated that, aerodynamic drag of hydrogen airplane hav-
ing external fuel tanks (EFT) increases by 15.8 %, but
one having internal tanks is by 4.1 % comparing with
kerosene airplane; and they concluded that, mass and

aerodynamic parameters of airplane having EFT be-
comes worse with flight range increase, and even short-
range airplane having EFT is not competitive [66].

Liquid hydrogen was used as fuel in some experi-
mental airplanes. In 1956-1959, within project «Bee»,
left EFT of Martin B-57B bomber was reequipped for
liquid hydrogen storage, which next preheated with ex-
ternal air flow in heat-exchanger, and in gaseous state
entered left engine J-65, in which a collector with noz-
zles for hydrogen was added (Fig. 6). Tests shown the
turbojet capability to operate with hydrogen up to alti-
tudes of 27.4 km (3...7 km higher than with JP-4), and
specific fuel consumption was by 60...70 % lower than
for JP-4 [64].

HELIUM TANK

FUEL TANK

Fig. 6. Martin B-57B experimental airplane
(project «Bee») [64]

Later, project of cargo airplane Lockheed L-1011
using liquid hydrogen was developed (Fig. 7) [42]. In
1988, right NK-8-2 engine of Tu-154 passenger airplane
was replaced with NK-88 engine using liquid hydrogen;
this airplane was tested under the name Tu-155 (Fig. 8),
and tardy was converted to natural gas [67].

Fig. 7. Project of L-1011 cargo airplane modification
to use hydrogen fuel [42]

From the beginning of XXI century, aviation in-
dustry returns to the idea of hydrogen application for
commercial aircraft for ecologic reasons. From 2000,
European Commission funds project Cryoplane — the
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first full-scale project of hydrogen airplane [68]. In
2022, Airbus reports [69] about plans to develop an air-
plane with two hybrid turbofans (200 pas., flight range —
3706 km) and an airplane with two hybrid turboprops
(100 pas., range — 1853 km) where liquid hydrogen is
stored behind rear pressurized frame, an airplane of
«blended wing body» configuration with two hybrid
turbofans (200 pas., range — 3706 km) where liquid hy-
drogen is stored under wing.

Fig. 8. Tu-155 experimental airplane
using hydrogen fuel [67]

Hydrogen application in gas-turbine engines gives
the following advantages:

1. In case of hydrogen production from sustainable
sources (water electrolysis), complete absence of CO;
and CO emissions (within the whole fuel life-
cycle) [16].

2. High hydrogen’s heat of combustion (Table 3)
from one hand side leads to the fact that mass of hydro-
gen fuel should be 2.78 times lower comparing with
mass of kerosene, which can decrease takeoff mass and
required wing sizes. But from other hand side, lower
decrease in fuel mass requires bigger thrust both at
cruise mode, and during approach to landing, and also
lower increase in cruising flight altitude (that worsen
fuel efficiency). Which of these trends will prevail is
now a subject of scientific discussion [70, 71, 72].

3. Possibility to decrease NOy emissions (due to
lower mixture residence time inside combustor, because
hydrogen has higher flame speed) [73].

4. Liquid hydrogen utilization as heat sink allows
to cool down air in compressor (thus decreasing fuel
consumption) [74].

5. Leaks of hydrogen (liquid or gaseous) are quick-
ly evaporated and dissipate in the atmosphere, reducing
the fire hazard [75]. It is assumed that, hydrogen fire
should quickly dissipate and do less damage than a
similar gasoline fire [73].

But rather complicated problems should be solved
for hydrogen application:

1. Low hydrogen’s volumetric heat of combustion,
which leads to considerable increase in required volume
of fuel tanks [65].

2. Low tank gravimetric efficiency (mass of fuel
inside this tank ratio to this fuel mass together with the
tank mass) [73].

As it is known, hydrogen can be stored in com-
pressed or liquid state. Hydrogen storage in compressed
state gives opportunity of it long-term storing and sim-
plifies transportation and refueling systems [73]. Chal-
lenges of compressed hydrogen tanks are as follows:
hydrogen embrittlement of tank material (which dramat-
ically decreases the material yield stress, especially un-
der negative temperatures, that increases the required
safety factor and the tank mass) [76] and hydrogen per-
meation [77] (for launch vehicle tanks, 0.25 % of hy-
drogen is lost [78], that makes medium around the tanks
explosive one).

Hydrogen storage in liquid state offers higher vol-
umetric heat of combustion, 2...3 times bigger density,
storage possibility under low pressure (0.1...0.3 MPa),
thus considerably higher gravimetric efficiency [73].
Problems of these tanks are as follows: extremely low
storage temperature (under which tank materials should
maintain strength, accounting cyclic temperature varia-
tion), necessity to choose tank shape having low surface
area-to-volume ratio, hydrogen losses due to heating to
maintain tank strength (especially before takeoff in hot
day) (according to various estimations: about 0.1 % of
hydrogen mass per hour [77] or about 2 % per flight
[79]). Insulation is a separate problem.

Table 3

Fuel properties [73]

Property Jet A-1 LH: GH: (35 MPa) GH:z (70 MPa)
Heat of combustion, MJ/kg 43.2 120 120 120
Relative heat of combustion 1 2.78 2.78 2.78
Volumetric heat of combustion, MJ/L 34.9 8.5 2.9 4.8
Relative volumetric heat of combustion 1 0.24 0.08 0.14
Storage temperature, °C ambient -253 ambient ambient
Storage pressure, MPa ambient 0.1...0.3 35 70
Tank gravimetric efficiency, % 100 30...90 1..15(6...9) 1..15(5..7)
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Foam, which is used in carrier rockets, can give high
gravimetric efficiency, but it is cracked or delaminated
under repeated thermal cycles [80], which requires its
regular maintenance [76]. Multi-layer vacuum insula-
tion (having multiple layers of foil, which reflect ther-
mal radiation) lowers the heat leaks by two orders [77],
but its gravimetric efficiency does not exceed 60 % due
to required strength [81], employing composites creates
problems of permeation and splitting due to different
variation of properties of fibers and matrix under the
cryogenic temperatures [73].

3. Tank shape selection. In case of hydrogen stor-
age in liquid state, to minimize hydrogen heating (but in
case of its storage in compressed state — to minimize
tank mass) tank surface area-to-volume ratio should be
low, that is hydrogen tanks should be of spherical or
cylindrical shape (having length-to-diameter ratio near
three), which practically excludes their arrangement
inside wings, but forces to place them in fuselage or
pods. Firstly, this increase the aircraft wetted area (and
in case of pods— also mid-section area), thus aerody-
namic drag; secondly, it does not allow wing load alle-
viation by fuel, but vice versa increases loads to wings,
thus increasing mass of empty airplane [70, 75].

4. Arrangement of hydrogen tanks (of sufficient
volume). For conventional aerodynamic configuration,
they usually consider three versions of hydrogen tanks
arrangement in fuselage: 1) behind passenger compart-
ment, 2) in front and behind passenger compartment, 3)
above passenger compartment. The first version suits
only for short flight ranges due to considerable center-
of-gravity variation [71]. The second version allows
maintaining required center-of-gravity easily for medi-
um and long-range airplanes, but excludes pilot access
to the passenger compartment (thus it requires separate
toilet and galley for them [66]) or results in considerable
mass expenses to perform this passage [71]. The third
version offers hither safety during landing (especially
with landing gear up), but leads to aerodynamic drag
increase about 10 % [82]. For «blended wing body»
configuration, hydrogen tanks can be located on each
side of the passenger compartment (where wing struc-
tural height does not allow convenient arrangement of
passengers or cargo) or in the wing central section be-
tween two passenger compartments [73].

5. GTE conversion to hydrogen requires modifica-
tion of their combustors owning to different stochio-
metric coefficient (14.7 — for kerosene; 34 — for hydro-
gen) and other limits of air excess coefficient for steady
combustion (shifted to the lean mix, which allows tur-
bine inlet temperature decreasing) [73].

6. As hydrogen is transported from tanks to
engines in liquid state, pipelines and other elements of
liquid hydrogen fuel system should be heat-insulated
(placed within vacuum jacket or coated with foam) [75].

7. Separate problem is pumps for liquid hydrogen,
which can continuously operate for hours and have a
service life of tens of thousands of hours [73].

8. Change of material properties in contact with
hydrogen and its handling procedures make a chal-
lenge [83].

9. Explosion safety. Because hydrogen has a wide
flammability range and is prone to leaking, aircraft fuel
system must be equipped with leak detectors [73].

10. During hydrogen transportation on the ground,
problem of its leaking (but in case of its transportation
in liquid state — evaporation losses) appears. These leaks
are estimated within the range 1...10 % [84]. Although
hydrogen is not a greenhouse gas; its presence in the
atmosphere affects the other greenhouse gases, increas-
es the lifetime of methane, the amount of water vapor in
the upper atmosphere, and the concentration of ozone in
the troposphere. Research quantifying the effects of
direct hydrogen emission to the atmosphere is limited,
which remain uncertainties [73]. Hydrogen transporta-
tion via ammonia allows using existing transportation
equipment [85], but requires considerable energy losses
for chemical conversions [86] and constitutes potential
ecological hazards.

11. As it is known, according to production meth-
od, hydrogen can be [73]: green (produced by electroly-
sis from renewable energy), pink (produced by electrol-
ysis from nuclear energy), blue (produced by steam me-
thane reforming with carbon capturing), gray (produced
by steam methane reforming), and brown (produced by
coal gasification). Nearly 80 % of hydrogen produced in
2020 is gray or brown, and using of these hydrogen is
not an effective way of reducing climate impact, but
may be more damaging, than kerosene utilization. It is
estimated that, blue hydrogen causes 9...85 % lower
quantity of CO, emissions relatively to gray hydrogen;
but during production of blue hydrogen, there are possi-
ble methane emissions, which is one of potent green-
house gas [87, 88, 89].

12. Aircraft-Induced Cloudiness (AIC) is capable
to reflect solar radiation during the day (cooling the
Earth) and prevent thermal irradiation from the Earth at
night (causing its warming). Scientists begin under-
standing impact of contrail cirrus to greenhouse effect,
and also their greater quantity in locations with high air
traffic relatively not long ago, and thus a lot of uncer-
tainty remains (thin cirrus clouds and airplane contrails
cannot be detected nether from the ground, no from sat-
ellites, thus it is impossible to estimate their impact in
climate change). As it is known, hydrogen combustion
produces 2.6 times more water vapor emissions, than
hydrocarbons combustion per unit of energy, but con-
trails and AIC are the greatest unknown and potentially
the most significant contributor to the climate impact of
hydrogen aircraft. Contrails of hydrogen GTE can form
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under the temperature by 10 K higher than for kerosene
GTE, so in wider range of altitudes [73]. Although
short-term direct climate effect of water vapor emis-
sions is very small at subsonic cruise flight altitudes in
the troposphere; but, water vapor emissions from an
increasing number of flights above the tropopause, such
as supersonic airplanes and certain subsonic business
jets, can have a warming effect as they fly in the drier
stratosphere [37].

13. It is assumed that, acquisition cost of hydrogen
short- and medium-range airplanes will be higher than
kerosene airplanes by 12...13 % because of the hydro-
gen tanks, fuel system, and cost of preceding scientific
research [90]. Estimations of operating cost of hydrogen
airplanes compared to kerosene ones range considera-
bly: from a slight decrease [75] to a 50 % increase [91],
depending on the airplane size, PP type and used tech-
nology. But there is a lot of uncertainty in these estima-
tions (service life and maintenance of hydrogen engines
and fuel tanks, hydrogen GTE efficiency, variation of
hydrogen cost in time) [73]. 14. In 2023, cost of hydro-
gen (2.5...3.0 $/kg) is 4.7...5.2 times higher than cost of
traditional fuel [36]. According to optimistic estima-
tions, after considerable (more than 10 times) increase
in hydrogen production (to 2030), it will cost approxi-
mately as kerosene does [36]. According to other esti-
mations, hydrogen production from sustainable sources
makes it more expensive [92]. It is also necessary to
take into account that, hydrogen compression requires
15.5 % of its internal energy content, but liquefaction —
45 % [41].

6. «True zero»

This way means transition to Electric Power Plant
(EPP), which is supplied with energy from fuel cells
(FC) or electric batteries [16].

Until now, there are only some flyable manned all-
electric airplanes (Brditschka MB-E1 (1973), Fishman
Electraflyer C (2008, 1 seat), Boeing HK-36 FCD
(2008, 1seat), Yuneec E430 (2009, 2 seat), Sie-
mens/Diamond E-Star (2011, 2 seats), Pipistrel Taurus
Electro G2 (2011, 2 seats), Pipistrel Taurus Electro G4
(2011, 4 seats), IFB Stuttgart eGenius (2011, 2 seats),
Embry-Riddle Eco-Eagle (2011, 2seats), Elec-
traflyer ULS (2012, 1 seat), Chip Yates Long ESA
(2012, 1seat), Siemens/Diamond E-Star2 (2013,
2 seats), Airbus E-Fan (2014, 2 seats), Cambridge
SOUL (2014, 1 seat), Pipistrel Alpha Electro (2015,
2 seats), Airbus E-Fan 1.2 (2016, 2 seats), Siemens Ex-
tra 300 (2017, 1seat), NASA X-57 Maxwell (2018,
2 seats), Zero Avia Piper M (2020, 6 seats)), but all of
them are light airplanes or even motor gliders [46, 93].

As for bigger airplanes, there are only conceptual
designs. In 2022, Airbus reported about development of

airplane-prototype with EPP using hydrogen FC with
the purpose to determine, is this technology feasible and
viable, in order to introduce ZEROe airplane with zero
emissions into operation in 2035 [94]. If the aims of
tests are reached, the airplane with EPP and FC can car-
ry 100 passengers at distance 1853 km [69].

Common advantages of «true zero» way are as fol-
lows:

1. Complete absence of greenhouse gas emissions
on-board aircraft [16] (although CO; is emitted even
during battery recharging [58]).

2. Sustainable sources utilization possibility for
battery recharging or hydrogen production on the
ground [16]. This also provides independence on fossil
energy sources.

3. Low noise level of electric motors [48, 47].

4. Thrust generation by electric motors with pro-
pellers/fans, which energized from FC promises effi-
ciency (according to different estimations from 50 %
[73] to 55 % [41]) higher, than in case of thrust genera-
tion by hydrogen burning in GTE (efficiency near
40 %) [41].

5. Decrease in EPP operation expenses comparing
to traditional PP (although it is not a fact yet) [46].

6. Advantages of HEPP (8-13) described in sec-
tion 4 also suit here.

But this way also requires solving of a lot of prob-
lems:

1. Thrust generation by propeller/fan requires de-
velopment of light electric motors having power
1...10 MW (now the most powerful electric motor gen-
erates 0.65 MW) [73].

2. Reaching required properties of batteries [63].

3. Maintaining reliable and safe operation of high
voltage electric system at considerable flight alti-
tudes [63].

4. Integration of propulsor, EPP, and airplane sys-
tems [63].

5. Drawbacks of HEPP (2-6) considered in sec-
tion 4 also suit here.

Application of hydrogen with FC gives the follow-
ing:

1. Liquid hydrogen application, as heat sink allows
using superconductive electric motors (thus to increase
PP efficiency even more) [73].

2. Specific power of FC can be increased by oper-
ating at higher pressure in it, but it leads to mass and
complexity increase. Oversizing of FC leads to current
density decrease and efficiency increase, so to fuel con-
sumption decrease, but it also results in mass, sizes, and
cost of FC increase. New technologies (self-
humidifying, transition to high-temperature polymer
electrolyte membrane FC) allow increasing in specific
power, reduce mass of thermal management system and
sensitivity to CO [73].
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3. Power produced by FC does not depend on
flight altitude, but power losses to supply air to FC
themselves under optimal pressure increases with the
flight altitude. It can offer increasing efficiency at cruis-
ing operation mode, but it can limit take-off power.
Usually, this PP has electric battery in addition to FC,
which works as a buffer at transitional modes [73].

For wide application of FC in aviation, some prob-
lems should also be solved:

1. FC can produce contrails more frequently than
hydrogen GTE (because the water vapor exhaust tem-
perature is low) [95], but collecting and storing the wa-
ter vapor emissions on-board airplane results in unsuita-
ble increase in aircraft mass (as mass flow of water va-
por produced is nine times the mass flow of hydrogen
consumed) [52].

2. Common problems of FC are assumed the fol-
lowing: approximately three times greater mass, high
cost, and low service life [73].

3. Problems of polymer electrolyte membrane FC
are the following: cooling (necessity of thermal man-
agement system [63]), maintaining required humidifica-
tion, necessity of periodic (in the order of minutes)
purging of the anode from nitrogen and water (that leads
to losses of some quantity of hydrogen), necessity of
hydrogen prior cleaning from carbon monoxide (which
poisons the platinum catalyst), expensive catalyst-
materials application (such as platinum) [73].

4. Problems of solid-oxide FC are the following:
necessity to preheat up to high operating temperature
(600...1000°C), as a result long start-up time
(10...60 min.), limited number of on-off cycles, material
operability under these temperatures [73].

E. Adler et al. think that, as EPP with FC provide
higher efficiency of hydrogen energy transfer for low
power, but they have lower specific power comparing
with GTE with hydrogen; then hydrogen GTE are better
suits for long-range airplanes, but EPP with FC for
short-range ones [73]. According to Boeing, EPP with
FC will soon be used for small manned and unmanned
aircraft, but not for big passenger airplanes [96].

Discussion and conclusions

1. Efficiency. As far back as in 1940-th, designers
of different countries experimented with combined PP.
Reciprocating engines were added with atmospheric jet
engines driven by reciprocating engines (Caproni-
Campini N.1, Caproni-Reggiane Re-2005R, Compini
Caccia 42, 1-250, Su-5, Yak-9VRDK), ram-jets
(La-126PVRD, La-138), pulse-jets (La-7PuVRD,
La-9RD), liquid-propellant rocket engines (LPRE)
(La-7R, Pe-2RY, Yak-7R, Yak-3RD, Su-7 1944), and
later with turbojets (Messerschmitt Me.264, Douglas
XB-42, Curtiss F15C, Convair XP-81, North American

AJ-1, Ryan FR-1, Convair B-36D, Lockheed P2V). But
only the last three airplanes from listed ones were built
serially and operated.

The history was repeated in 1950-1960, when al-
ready turbojets were added with LPRE (SM-50, E-50,
Mirage 111 with LPRE, Douglas D-558, Saunders Row
S.R.53, SNCASO Tridan, Sud-Est S.E.212) or with
ram-jets (Leduc 022, North Aviation Griffon). But no
one of them was serially built.

A. Boretti stresses that, although hydrogen is the
most abundant element in the Universe; however, it is
freely available on Earth only in negligible amounts, but
splitting the water molecule to produce hydrogen re-
quires huge energy input [97].

HEPP (that is the third way) are actually combined
PP, which have well known inherent disadvantages (in
case of simultaneous operation of different engine types,
it is impossible to ensure their operation in optimal con-
ditions; in case of serial operation, PP has extra mass
and sizes), thus inefficiency.

2. Technical complexity. So in 1960-th, it was as-
sumed that, in nearest time almost all new military air-
planes would be vertical take-off and landing ones.
Great number of projects was developed; a lot of proto-
types was tested; but only two of them (Harrier and
Yak-38) were run in production due to huge technical
complexity.

Complexity level of the third (except parallel
HEPP), the fourth, and the fifth ways is estimated as
high or very high [16]. This means high technical risks
(which usually results in growth of time-frames and
expenses for development, or even in impossibility to
achieve the goal).

3. Economy. Again in 1960-th, it was assumed
that, in nearest time commercial aviation would become
supersonic one. In USA, some projects of «hoty (M=3)
supersonic passenger airplanes (Boieng-2707, Convair
58-9, Douglas SST, Lockheed L2000) were developed,
but fuel crisis of 1970-th brought to nothing these ex-
pectations. Only some copies of «cold» (M=2) super-
sonic passenger airplanes (Ty-144 and Concorde) were
built and operated limitedly.

Now, NASA ascertains that, all of NASA’s EPP
related flight demonstration projects have either experi-
enced or show indications of schedule delays, cost over-
runs and funding instability [63].

J. Hoelzen et al. conclude that, the targeted emis-
sion savings according to the Flightpath 2050 do not
seem realistic, when the pollution aspect is viewed from
macro-economic perspective [48].

A lot of authors [12, 30, 98], who describe ways
2-5, stress that, transition to sustainable aviation require
huge investment in research, development, and infra-
structure to become practical and commercially viable
option for airlines.
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4. Ecology. A. Boretti asserts that, the claim that
contrails drastically reduce daily temperature difference
by several degrees of Celsius is wrong, and based on the
subjective reading of events. Comparing the daily tem-
perature difference in Australian airports (as the most
isolated country) from April to December 2019 com-
pared to 2020, and from January to March 2020 com-
pared to 2021, the author notes that, there is no principal
difference from drastic flight reduction due to pandemic
(approximately by 35 % in average, and by 47 % in the
last nine months of 2020). The author concludes that,
the implications of contrails on global warming, and
their effect on surface temperature, are speculations
based on very subjective interpretation of temperature
records, and the improper use of never validated com-
puter models; and as the modeling of water emissions is
even less reliable than the modeling of CO, emission,
the decision to progress toward hydrogen-based aviation
or not should be based on more solid arguments [99].
Thus even from ecological considerations, the reasona-
bility itself of the fourth and fifth ways raises doubts.

5. Summing up all cited above, it is possible to
note that, in case when enough financing is available,
2d-5th ways are very useful to search and develop new
ideas and technologies, which can lead to find the sixth,
or even the seventh way, which become a mainstream
for future commercial aviation. In case when «unlim-
ited» source of money is absent, we have to choose the
first way and return to improvement of known technol-
ogies, such as, for example, cooling liquid injection in
GTE air-gas channel.
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AHAJII3 HIJISIXIB PO3BUTKY EKOJIOITYHOI KOMEPIIMHOI ABIALITI
P. 1O. I[ykanoe, C. B. Enighanoe

IlpenMeToM BHBYEHHS B CTATTi € LUISIXM 3MEHILIEHHS BHKW/IB MapHUKOBHX Ta3iB KOMEpLIHHOI aBialli€lo.
Ilinuro € aHami3 BiIOMUX 3 JIiTEpaTypH LUIIXIB 3MEHIICHHS BHKHAIB MAPHUKOBUX ra3iB KOMEPIIIHOIO aBialli€ro:
OesmepepBHa €BOJIOLNIS (110 MICTUTh B c001 03114 Pi3HUX METOJIB IS YACTKOBOT'O 3MCHIIICHHS BUKUIIB MAPHUKO-
BUX Ta3iB NUISIXOM 3MEHIICHHS BUTPATH ITajMBa), «3arajlbHUA HYJIbY (L0 BKIIOYAE B ce0C METOAM BiJAIIKOIyBaHHS
Ta 3aCTOCYBaHHS €KOJIOTUHHX aBilalliiHKUX MaJIWB), TIOPUAHI ENEeKTPUYHI CUIIOBI YCTAHOBKH (TapajiesibHi, HOCIiI0B-
Hi, TIOCJIIIOBHO-TIApaJIeNIbHI, TYpOOEIEKTPUYHI Ta YaCTKOBO TYpOOENEKTPUYHI), «HYJIb BYIJICIO» (3aMiHa 3rOpsIHHS
racy Ha BOJCHb B MOIH(iKOBAHHX Ta30TYpOIHHHX JBUTYHAX ), «CIPABKHIN HYIb» (TEpexim Ha eNeKTPHUYHI MapImoBi
JBUT'YHH 3 BOJAHEBHMHU MaJMBHUMHU €IEMEHTaMU a00 3 eNeKTPUYHUMH Oatapesimu). 3aJadi: BUBUSHHS [IMX LUISXIB 1
BUSIBJICHHS 1X IlepeBar Ta mpooJieM 3 oriisily Ha e(heKTHBHICTD, TEXHIYHY CKIIAHICTh, EKOHOMIKY, €KOJIOTII0 Ta MOX-
JIMBICTh BTIJICHHSI B HTTS B YMOBax oOMexeHoro (iHaHcyBaHHsS. BUKOpHUCTOBYBaHHMH MeTOJAMM €: TIOIIYK Bij-
MOBIZIHUX JpKepen B Mepexi Internet ta 1x ananiz BUXOJSUM 3 BJIACHOTO JOCBIAY poOOTH B aBiamiiHii ramysi. Otpu-
MaHO HaCTyINHI pe3yJibTaTH. Ha 0CHOBI 3HaiieHux ukepel iHdopmMallii CTUCIIO BUKIIaJAeHa iHPOPMAILIiO 110 HasB-
HUM BUKHUJaM MAapHUKOBUX Ta3iB aBiallifHOI Tajy33i0 Ta iX MPOrHO3HI 3HAYEHHs, KOPOTKO HAraJaHo iCTOpii0
PO3BHUTKY MIKHAPOJIHUX YTrOA, LIOAO0 OOMEXKEHHS BUKUJIB NMAPHUKOBUX Ta3iB, MiJKPECICHO aKTYaJIbHICTh L€l
npo0JeMu 3 OISy Ha 30€peXeHHsl CTaHy JOBKLLIS, y3aralbHEHO MepeBaru Ta npoliieMu, 10 HeoOXiHO BHpI-
LIUTH JJ1 BUKOPUCTaHHS KOXHOTO 3 PO3TIIHYTUX NUIAXiB. BucHOBKH. HaykoBa HOBH3HA OTpHMaHHX PE3yJIbTATIB
CKJIQJIA€ThCSl B HACTYITHOMY: B OJIHIM OIJISIOBIH cTaTTi 310paHo iH(OpMaIlifo 3 6araThoX JITEPaTYPHUX JDKEPEN, L0
BHUCBITIIOE Kiacu(ikalliio, mepeBard ta npodiieMu, siKi HEOOXIJHO TOIONATH ISl BTUICHHS B XKHTTS KOXHOTO 31
uusixiB. [1I1sixoM 0OroBOpeHHS Ta iICTOPUYHUX aHAJIOriH MoKa3aHi JOJATKOBI HEBIJ €éMHI HEJJONIKH, 1[0 PUTAMaHHI
JIeSIKUM 3 [UX [IUISIXiB (HU3bKa eEeKTHUBHICTh, BUCOKA TEXHIYHA CKIIA/IHICTh, BiICTaBaHHs Bij rpadiky, nepeBUTPaTH
KOIITIB, HECTAOUIBHICTh (hiIHAHCYBAHHS, CYMHIBHICTh B iX JOIIUIBHOCTI 3 €KOJOTIYHHUX MipKyBaHb). HamiueHo Ha-
MIPSIMOK TTOAAJBIINX JOCIIHKEHbD B Mil Tamy3i.

Ki104o0Bi cioBa: BUKAAN MAPHUKOBHX ra3iB; ra30TypOiHHUI IBUTYH; IUIIXH 3MEHIIEHHS BUKU/IIB; €KOJIOTIYHI
aBiarfiiiHi manuBa; TiOpUAHI eIEKTPUIHI CHIIOBI YCTAHOBKH, BOJHEBA aBiallisl; MaJNBHI €IEMEHTH.
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