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Abstract: With the growth of aviation traffic and the demand for emission reduction, alternative
fuels like the so-called electrofuels could comprise a sustainable solution. Electrofuels are understood
as those that use renewable energy for fuel synthesis and that are carbon-neutral with respect
to greenhouse gas emission. In this study, five potential electrofuels are discussed with respect
to the potential application as aviation fuels, being n-octane, methanol, methane, hydrogen and
ammonia, and compared to conventional Jet A-1 fuel. Three important aspects are illuminated.
Firstly, the synthesis process of the electrofuel is described with its technological paths, its energy
efficiency and the maturity or research need of the production. Secondly, the physico-chemical
properties are compared with respect to specific energy, energy density, as well as those properties
relevant to the combustion of the fuels, i.e., autoignition delay time, adiabatic flame temperature,
laminar flame speed and extinction strain rate. Results show that the physical and combustion
properties significantly differ from jet fuel, except for n-octane. The results describe how the
different electrofuels perform with respect to important aspects such as fuel and air mass flow rates.
In addition, the results help determine mixture properties of the exhaust gas for each electrofuel.
Thirdly, a turbine configuration is investigated at a constant operating point to further analyze the
drop-in potential of electrofuels in aircraft engines. It is found that electrofuels can generally substitute
conventional kerosene-based fuels, but have some downsides in the form of higher structural loads
and potentially lower efficiencies. Finally, a preliminary comparative evaluation matrix is developed.
It contains specifically those fields for the different proposed electrofuels where special challenges and
problematic points are seen that need more research for potential application. Synthetically-produced
n-octane is seen as a potential candidate for a future electrofuel where even a drop-in capability is
given. For the other fuels, more issues need further research to allow the application as electrofuels
in aviation. Specifically interesting could be the combination of hydrogen with ammonia in the far
future; however, the research is just at the beginning stage.

Keywords: renewable green fuels; electrofuels; aviation; fuel synthesis; combustion; turbine

1. Introduction

The vision of fully-sustainable aviation demands energy sources to be based on renewable
energies and their utilization without any environmental foot-print. The latter means that neither
greenhouse gas, nor local pollutants should be emitted. At first glance, electrically-based aviation
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could be an option; however, the energy storage capacity for direct electrical energy in battery packs
is severely limited. An alternative option for aviation might be based on the utilization of so-called
electrofuels [1]. Here, the fuel can be seen primarily as an energy carrier in the sense that on the
ground, the electrical energy is “stored” in the fuel with a high energy capacity by producing the
fuel synthetically with the help of electricity. This fuel then is transported within the airplane and
is used there for the energy supply necessary for flying, for example with the help of combustion
processes. Assuming the ground-based “storage process” of energy in the fuel to have no emission of
greenhouse gases (essentially CO,) or other emissions, which, at least ideally, might be possible by
the use of renewable power sources like wind- or solar-based electricity, such electrofuels could be
seen as COy-neutral. This is evident for such energy-carrying fuels without carbon content (e.g., H, or
NHj3), but is valid (at least ideally) even for electrofuels based on the hydro-carbon structure. For the
former group, no direct CO, will be emitted with combustion in-flight, while the latter will have such
emissions, but as the carbon is taken out of the atmosphere during the production process of this fuel,
it still can be seen as CO,-neutral. Burning of electrofuels alone does not prevent other combustion
emissions, like soot particles, nitrogen-oxides (NOx), carbon-monoxide (CO) or unburnt hydro-carbon
(CxHy). However, as such electrofuels will be produced synthetically, the design and selection of these
fuels may allow new degrees of freedom in such a way that also the local combustion emissions might
be reduced significantly. One example could be that the fuel would allow lean premixed combustion
instead of non-premixed combustion in current air-engines, operating with a high excess air-to-fuel
ratio (lean combustion). With lean premixed combustion, any soot-particle emission is prevented,
and the NOx-emission is reduced by an order of magnitude [2]. However, here, special attention is
needed to prevent pre-ignition or flashback of the flame into the mixing zone. The current study will
not focus on this aspect, as the two steps towards fully-renewable and fully-CO,-free aviation alone
are already extremely challenging.

If fuels were to be produced from green electricity, but would have rather similar properties as
the current aviation fuels (for example, Jet A, Jet A-1, JP-8), these fuels could be described as “drop-in
fuels”. They can be used within the existing aviation engines, maybe with a few modifications to
adapt them to the slightly different properties. The option to use “drop-in” fuels is commonly seen
as the first possible step on the path toward electro-based sustainable aviation. An overview of the
recent development of conventional drop-in fuels can be found in [3]. If radically different fuels
were to be used, also the combustion engines would need to be redesigned. This would require an
extensive effort on the side of air-engine development, as several issues have to be addressed besides
the aero-thermo-chemical properties. However, this gives many more degrees of freedom for new
combustion concepts and even new engine architectures.

The use of alternative fuels in aviation has some historic background. Already in the 1960s,
some activities had been studied on the basis of the utilization of ammonia (NHj3) as the fuel,
for instance in gas turbine combustion by Newhall and Starkman [4], Pratt [5] and Verkamp et al. [6].
The basic results were that ammonia combustion is possible, but has the downside of a limited ignition
range and suffers from limited flame stability. One option would be to burn ammonia with oxygen.
Here, based on rocket engine concepts, a military hypersonic research aircraft, X-15, was powered
by a rocket-engine using anhydrous ammonia and liquid oxygen as fuel in the 1950s [7]. However,
this option seems to be beyond the scope of applicability for general aviation purpose. Other options
are to mix NHj with other more reactive fuels. This was more recently studied specifically in a
micro-gas turbine with fuel mixtures of NHs /kerosene and NH;/CHy [8,9].

Furthermore, the utilization of hydrogen as aviation fuel has been studied for decades. In the
1970s, Brewer [10,11] discussed the usage of liquid hydrogen fuel in aviation, followed by others [12]:
for high-speed air transportation [13-15], including questions of airport safety, and [16]. The proof
of concept to use hydrogen in aviation was conducted by the first experimental cryogenic aircraft,
Tupolev Tu-155 [17] in the 1980s, which was powered by liquefied hydrogen and natural gas. In [18],
a comparison of hydrogen with hydrocarbon fuels for aviation is discussed. Further discussion of
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hydrogen utilization for aircraft engines is given for instance in [19-27]. A good review with respect to
hydrogen in aviation is given specifically by Cecere et al. [28].

Comparative studies for different fuels are given, for instance, by Sehra et al. [29] and
Edwards etal. [30]. A very recent review on sustainable alternative aviation fuels can be found
in Yilmaz etal. [31] (2017). Life cycle analysis comparing different fuels has been performed,
for instance, by Pereira et al. [25] (2014), comparing specifically liquid hydrogen and liquid natural gas,
and Bicer et al. [32] (2017), comparing hydrogen, ammonia, methanol, ethanol and liquefied natural
gas for aircraft. The last work concludes that specifically, ammonia- and hydrogen-fueled aircraft can
potentially decrease the overall environmental impact.

The aim of this study is to compare different fuels that may have the potential for utilization as
electrofuels in aviation in a first-order approximation regarding their synthesis, combustion properties
and their impact on the aircraft engine, i.e., combustion chamber and turbine. The study will focus
on the basic aero-thermo-chemical issues and will only rarely mention several other aspects like
constructional constraints, safety, production aspects and costs.

The remainder of this paper begins with a definition of electrofuels, and the synthesis
process of five potential electrofuels: n-octane, methanol, methane, hydrogen and ammonia.
Then, the characteristic combustion properties of five selected electrofuels are compared with
those of conventional jet fuel. For the comparison, the autoignition delay time, adiabatic flame
temperature, laminar flame speed and extinction strain rate are calculated numerically and analyzed.
Thirdly, turbine performance characteristics are investigated with a thermodynamic analysis and with
the help of three-dimensional numerical simulation of a turbine to compare the selected electrofuels.
In a comparative discussion, the major results are collected in the form of an assessment matrix,
including the potential advantages and disadvantages, marking also those points that are not yet
sufficiently well known for analysis.

In that sense, this study can be seen to be at a rather initial level of scientific discussion. Both the
limited fuel resources, as well as that of the environmental impact of energy utilization, here, in aviation,
are questions that have been gaining more and more importance among human beings within the
limited environment of the Earth.

2. Synthesis of Electrofuels

2.1. Electrofuels

In the framework of the ongoing Energiewende, i.e., the transition from fossil energy resources
towards renewable energies, electric energy is assumed to become central in future sustainable
transportation, including aviation. A key challenge in using electric energy for transportation (and for
aviation in particular) is the limited on-board energy storage capacity in batteries. Even with expected
improvements, the physical boundaries of batteries will not allow the energy density to reach that of
chemical fuels. An alternative path is the storage of electric energy within the molecular structure of
gaseous or liquid fuels via electrolysis/electrosynthesis. The concept behind this approach is generally
referred to as “power-to-gas” or “power-to-liquid”, with suitable fuels often being denominated as
“electrofuels”. A definition of electrofuels is proposed here:

o  Electrofuels are a class of carbon-neutral fuels that are made by storing electrical energy from
renewable sources in the chemical bonds of liquid or gaseous fuels.

With this definition, the following properties are characteristic:

e  Electrofuels are understood to be carbon-neutral, assuming that the electrical energy for
production is carbon-neutral and is coming from renewable sources such as wind power or
photovoltaics. This definition allows comparing the utilization of electrofuels fully with direct
electrical mobility.
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e  The energy density of electrofuels is typically much higher than that of batteries. The aspect of
“energy storage” is central to electrofuels.

e Itis assumed that the electrofuel is either free of carbon (like H, or NH3) or contains carbon taken
from the atmosphere within recent years, to be carbon-neutral. Thus electrofuels may be based on
carbon-containing biofuels as feedstock.

o  Electrofuels are utilized either similarly to conventional fuels with combustion or are transformed
back to electricity directly in fuel cells.

As the electrofuels can be seen as energy storage, a decoupling between the time and location of
production and of utilization is possible, which is an important characteristic property of electrofuels
with respect to the fluctuating availability of wind power and photovoltaics. Additionally, electrofuels
can have good storage and transportability properties, being important for use in aviation. The current
study focuses on the utilization of electrofuels with combustion, leaving out the fuel cell approach.

2.2. Hydrogen from Water Electrolysis

The electrolysis of water to produce hydrogen has been well known since the end of the
18th Century [33]. The energy efficiency of the water electrolysis is already high (70-80% [34]).
However, so far, steam reforming of fossil substances is still the dominant production process because
of the low gas prices compared to electricity [35]. Hydrogen is an almost ideal electrofuel and
was, for a long time, considered as the core energy carrier of future energy systems (see, e.g., [36]).
Hydrogen possesses the highest gravimetric energy density of all fuels. However, hydrogen has a very
low volumetric energy density and a high diffusion coefficient, which makes hydrogen difficult to
store [37]. Compression and liquefaction are the main ways to store hydrogen effectively, but hydrogen
compression consumes 15.5% of the hydrogen’s inner energy content and liquefaction up to 45% [37].
The use of hydrogen in a combustion engine or its oxidation in a fuel cell (“cold combustion”) currently
yields efficiencies from 40% (combustion) up to 55% (fuel cell). Well-to-wheel efficiency would be,
given the data above, between 15.4 and 37.2%.

2.3. Power-To-X

Due to the obstacles in using hydrogen as a fuel, molecular hydrogen is generally rather used
as a chemical intermediate for the production of easily manageable liquid or gaseous fuels, such as
methane (“power-to-gas”) and longer chained hydrocarbons (“power-to-liquid”) from carbon dioxide,
or for the production of ammonia from nitrogen (“power-to-ammonia”). All these compounds can be
fundamentally understood as molecular hydrogen carriers.

All three conventional “power-to-X” technologies, depicted in Figure 1A-C, share the combination
of the electrolytic hydrogen synthesis and a subsequent catalytic conversion of the hydrogen gas
with carbon dioxide or nitrogen. Based on the chemical stability of the carbon dioxide and the
dinitrogen molecules and the resulting high activation barrier of these reactions, the respective
catalytic conversions generally require comparatively drastic pressure and temperature conditions.
The power-to-gas process (Figure 1A) usually involves the methanation of hydrogen and carbon
dioxide, e.g., by the exothermic Sabatier process: COp + 4Hy; — CHy + 2 HyO. Methane is much
easier to transport and to store than hydrogen. Based on its availability from fossil resources (natural
gas), methane is already a well-established fuel for ground transportation. Infrastructure and motor
optimizations are at a high level compared to other novel fuels, which represents a major advantage.
Methane can be used either as compressed gas (compression of 200250 bar) or in liquefied form
(boiling point of —161.5 °C). The synthesis of longer chained hydrocarbons is achieved via the
power-to-liquid process (Figure 1B). In the first step, a fraction of the electrolytic hydrogen is required
to reduce carbon dioxide to carbon monoxide. Mixed with further hydrogen, the latter forms syngas:
the precursor for the subsequent Fischer-Tropsch synthesis. Depending on the operational conditions
such as syngas composition, pressure and temperature, as well as the catalyst system, fuels with
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desired properties can be synthesized. From a fuel perspective, the power-to-ammonia (Figure 1C)
approach provides the opportunity for a completely carbon-free fuel and for using one of the most
abundant elements of our atmosphere, nitrogen, as a hydrogen carrier. Currently, the well-known
Haber—Bosch process is the standard technology for ammonia production. The Haber—-Bosch-process
has an energy efficiency of around 60%, assuming the hydrogen is produced via steam reforming
from fossil fuels. Using water electrolysis instead as a sustainable production path, the process is
considerably less efficient (38.5%) [38]. Another way is the electrochemical reduction of molecular
nitrogen to ammonia via the comparatively new solid state ammonia synthesis (SSAS). Due to the
high activation barrier, elevated reaction temperatures in the range between 80 and 650 °C seem to be
necessary. The overall energy efficiency of the SSAS process can be as high as 66% [38]. The storage of
ammonia is considerably easier compared to hydrogen. Liquefaction is achieved already at a pressure
of 10.3 bar [39]. Utilization of ammonia by combustion is a rather weakly-researched area. Different
concepts have been proposed, like the use as a drop-in fuel in diesel engines, the direct combustion
of ammonia or the conversion to hydrogen before combustion. Efficiencies of 65% are suggested if
all parts are specialized for the ammonia motor [40]. Well-to-wheel efficiency would be, given the
data above, between 25.0 and 42.9%. Major disadvantages of ammonia as a fuel are (i) its low energy
density, which, even in the liquid state, reaches only one third of regular gasoline/kerosene, (ii) its
corrosive chemical nature, which requires new materials for storage tanks and fuel lines, and (iii)
its toxicity.
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Figure 1. Schematic illustration of the described “power-to-X” technologies: (A) Power-to-Gas;
(B) Power-to-Liquid; (C) Power-to-Ammonia; (D) All-electrochemical synthesis.

The above described power-to-X technologies allow combining electric energy storage and
the use of technically-mature chemical technologies, stemming from, e.g., petrochemical processes.
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The disadvantages are, however: The catalytic processes, such as Haber—Bosch and Fischer-Tropsch,
are highly stationary processes with low tolerance to variations, e.g., in the educt supply. Thus, a direct
combination with a fluctuating energy supply (inherent to wind power and photovoltaics) is impossible.
This means that hydrogen would need to be stored in excess to be available at a constant rate.
Additionally, the necessary compression or liquefaction is energy intensive and requires respective
storage facilities. Thirdly, the described catalytic processes require high-temperature, high-pressure
reactors, which have high capital costs. Economic operation of thermochemical processes thus requires
large production scales, which stand against decentralized facilities.

2.4. All-Electrochemical Syntheses

An alternative path to the described consecutive electrochemical-chemical processes are purely
electrochemical conversions (Figure 1D). In these processes, the hydrogenation of target molecules,
such as carbon dioxide, biogenic oxygenates or nitrogen, is achieved using protic solvents (preferably
water), as a proton source, and electrons, delivered by the cathode of the electrolyzer. The direct
electrochemical reduction of carbon dioxide, e.g., to methane, ethane or methanol, has been the
subject of recent research with incremental progress [41-46]. One question is the necessary source of
carbon, being either the atmosphere (however, the concentration of CO; in the atmosphere is very
low, at 0.04 percent) or the exhaust fume of combustion power plants (however, the trend toward
renewable energy utilization will reduce those). An alternative carbon source would be plant biomass.
Here, CO, is bound via photosynthesis into organic compounds, such as carbohydrates (e.g., cellulose).
Due to their generally high oxygen content (mostly in the form of carboxylic, hydroxyl and keto
groups) and the resulting low energy density (the gravimetric energy density of cellulose is about 41%
of that of kerosene), the great majority of biogenic compounds are unsuitable for direct use as fuels.
The chemically-bound oxygen can be efficiently removed by means of electrochemical processes such
as the electrocatalytic hydrogenation (more precisely, hydrodeoxygenation). An example of such a
process is the electrochemical conversion of furfural and of 5-(Hydroxymethyl)furfural (dehydration
products of C5 and C6-carbohydrates) to the respective furans (Figure 2).

HO 6H" +6¢ 1)
C6-Carbohydrates — 0 N B \
\ / O -2 H,0
5-(Hydroxymethyl)furfural 2,5-Dimethylfuran

Dehydration [ electrocatalytic hydrodeoxygenation]

o 4H " +4¢ 0
C5-Carbohydrates ——» mo — W
'HZO
Furfural 2-Methylfuran

Figure 2. Schematic illustration of the electrocatalytic hydrogenation of 5-(Hydroxymethyl)furfural
and furfural to 2,5-dimethyl-furan and 2-methyl-furan [47].

The electrochemical hydrogenation can be combined with an electrochemical chain elongation and
the removal of carboxylic (acid-) groups via a Kolbe reaction. Thus, e.g., for levulinic acid, one of the
most promising biogenic platform chemicals [48-51], an electrochemical conversion into n-octane via a
combined electrochemical hydrogenation and dimerization has been shown (Figure 3). As a typical
hydrocarbon, alkanes like n-octane possess an optimal balance between volumetric and gravimetric
energy density for use as liquid fuels. A major emphasis and benefit of the electrochemical synthesis is
the compliance with the rules of green chemistry. Thus, these reactions can generally be performed at
ambient temperature and pressure, using electrons as an immaterial reagent (thus avoiding waste)
and water as an environmentally-friendly solvent. Electrochemical processes can further be driven
highly dynamically, which underlines the possibility for a direct integration into a dynamic electric
power grid.



Energies 2018, 11, 392 7 of 23

electrocatalytic ele‘ctrocataly‘tic
hydrodeoxygenation chain elongation

o +8H +8e OH -2CO,-2e-2H"

(0]
(0]
Levulinic acid Valeric acid n-octane

+4H +4e 0
— D
electrocatalytic y-Valerolactone
hydrogenation
Figure 3. Electrochemical reaction pathway for the n-octane production [52].

3. Combustion Characteristics Investigation

3.1. Comparison of Physico-Chemical Fuel Properties

Based on the discussed synthesis processes, five representative electrofuels are selected in this
study: n-octane, methanol, methane, hydrogen, ammonia. They are compared with conventional
jet fuel (Jet A-1) regarding some selected properties of importance for the utilization as potential
sustainable aviation fuels; see Table 1.

Table 1. Comparison of physical and chemical properties of Jet A-1 and different potential electrofuels
(L = liquified; * at 15 °C; tat20°C; t at boiling point) [53].

Physical Property Jet A-1 nCgH;3 CH3;0H LCH; LH, LNH;
Flash point (°C) 38 12 11 - - -
Autoignition temperature (°C) 210 205 455 595 560 630
Specific energy (M] kg 1) 43.2 44.64 19.9 49 120 18.6
Energy density (MJ L™1) 349 33.2 15.9 21.2 8.4 13.6
Density (g cm~3) 0.808* 0.70% 079t 058% o0071% o073%
Boiling point (°C) 176 126 65 —-162 252 —-33
Melting point (°C) —47 —57 -98 —-182 260 —77.7
Vapor pressure at 20 °C (hPa) 3 14 129 n/a n/a 8573
Lower explosive limit (vol %) 0.6 0.8 6.0 5.0 4.0 15.0
Upper explosive limit (vol %) 6.5 6.5 50.0 15.0 77.0 28.0
Mass fraction of hydrogen (-) n/a 0.16 0.13 0.25 1.00 0.18
Mass fraction of carbon (-) n/a 0.84 0.38 0.75 0.00 0.00
Mass fraction of oxygen or nitrogen (-) n/a 0.00 0.49 0.00 0.00 0.82

One important property of liquid fuels is the flash point, which describes the lowest temperature
at which vapors of volatile fuel will ignite, when an external ignition source is present. For safety
reasons, the flash point of jet fuel is above room temperature to reduce the risk of fire ignition. The flash
point should not be too high, because the vapor of the fuel can no longer be ignited. Another property
is the autoignition temperature, which describes the temperature at which the fuel will self-ignite
in the presence of an oxidizer without an external ignition source. The lower and upper explosive
limits describe the minimum and maximum of fuel concentration in air at which the mixture can burn.
The vapor pressure describes the pressure of vapor above the liquid phase. If the vapor pressure
is too high, the change from liquid phase to gas phase can occur and leads to an interruption of
the fuel supply in the fuel line, also called vapor lock. The boiling point is related to the vapor
pressure. The melting point should be low to prevent freezing of the fuel during flights at high
altitudes. The chemically-stored energy of the fuel is expressed by the mass-based specific energy and
the volume-based energy density. Both properties have a central influence on the range of an aircraft.
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The first one specifies the weight for the necessary fuel, while the latter one determines the size of the
tank system.

The comparison of physical properties shows that n-octane is nearly similar to jet fuel. Specifically,
the specific energy, energy density, autoignition temperature, lower and upper explosive limits are
nearly the same. Other properties such as flash point, vapor pressure and boiling point could be
adjusted by adding small amounts of mixable hydrocarbon-based fuels with high energy densities.
Due to these reasons, a mixture based on n-octane has the potential to be used as a drop-in fuel,
replacing conventional fuel in a conventional engine. Thus, only minor modifications of the aircraft
are required here. The other sustainable electrofuels like methanol, methane, hydrogen and ammonia
would require at least some modifications of the aircraft engine, fuel supply and tank system. The major
drawback of those fuels is their low volumetric energy density, which requires larger tank systems.
The data for methane, hydrogen and ammonia are based on liquid fuel, such that the tank system has
to be either under high pressure or be cooled down by cryogenic tanks. For ammonia, the requirements
are rather low, with only a 10 K temperature difference inside the cryogenic tank and the atmosphere
at a 10-km altitude, while for cryogenic liquid methane, more than a 100 K temperature difference,
and for cryogenic liquid hydrogen, more than a 200 K temperature difference are needed. (the data
for a 10-km altitude (T = —50 °C, p = 26,436 Pa) are: cryogenic liquid ammonia (T = —60 °C,
pvap = 21,892 Pa); cryogenic liquid methane (T = —178 °C, pvap = 20,145 Pa); and hydrogen
(T = =257 °C, pyap = 20,447 Pa)).

3.2. Comparison of Fundamental Combustion Properties

The fuel compositions and their properties have an impact on the combustion, emission and engine
performance. Some fundamental combustion properties, i.e., autoignition delay time 7, adiabatic flame
temperature T4, laminar flame speed s; and extinction strain rate a, are computed by conducting
numerical simulations with detailed reaction mechanisms for the investigated electrofuels.

For the Jet A-1 fuel combustion behavior, the Aachen surrogate (AS) [54], defined as a mixture of
n-decane (C19Hpz) 80% and 1,2 4-trimethylbenzene (CoHj,) 20% by weight, is used as a representative
surrogate mixture. For all calculations, air (O + 3.76N3) is defined as an oxidizer, except for extinction
strain rate calculations. Here, pure oxygen is used for the calculation, as otherwise, NH3 would not be
comparable. This quantity is therefore for relative comparison only.

An overview of the reaction mechanisms used in this study is shown in Table 2. For the reduction
of the computation time, all hydrocarbon reactions greater than Cg and greater than C; are removed in
the Cg-Cy¢ n-alkanes [55] and mechanisms AramcoMech 2.0 [56,57], respectively. The computation of
the laminar flame speed for n-octane/air mixtures took around 60 CPU hours, while the computation
of the other smaller fuels was much faster.

Table 2. Detailed kinetic reaction mechanisms used in this study.

Reaction Mechanism Author Ref. Fuel
n-decane/trimethylbenzene Honnet et al. [54] Aachen surrogate (AS)
Cg-Cq n-alkanes Westbrook et al.  [55] nCgHyg

AramcoMech 2.0 Burke et al. [56,57] CH30H, CHy, Hp
Ammonia Mathieu et al. [58] NH;j;

The simulations with detailed finite-rate chemistry are performed using the open-source
Cantera library (Version 2.3.0) [59], which is incorporated into a Python script in order to perform
parallel computations. The autoignition delay times T were obtained through zero-dimensional
perfectly-stirred reactor simulations with fixed time steps of 1 x 1077-1 x 10~ s at a constant pressure
p of 2.5 MPa and for fresh gas temperatures T;, of 1000-1600 K. The criteria for autoignition occurrence
is defined by the maximum of heat release rate. The adiabatic flame temperature T,; and laminar
flame speed s;, are computed for air/fuel equivalence ratios A of 0.6-1.6, fresh gas temperature T, of
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650 K and pressure p of 2.5 MPa using the one-dimensional freely-propagating flame model with an
adaptive grid refinement control and multicomponent transport. The Soret effect is neglected to reduce
computation time. The extinction strain rate a is calculated with the one-dimensional counterflow
diffusion flame model and is defined as the maximum axial velocity gradient. Plug-flow boundary
conditions are assumed. The mass flow rate area densities and inlet temperatures of fuel and oxidizer
are set to 1 kg m~2 s~ ! and 300 K, respectively. The distance between fuel and oxidizer inlets is set to
20 mm. In order to reduce the computation effort of the counterflow flame simulations, the scaling
rules of Fiala [60] are applied to improve the convergence behavior.

In order to make statements about the prediction quality of the computations, a validation study
is conducted. Due to the lack of experimental data in the literature for the previously-mentioned
conditions and mixture compositions, an indirect approach is applied in order to validate the
computations. In total, 31 experimental datasets from the literature [58,61-78] are used, as depicted
in Table 3, in order to validate the chosen mechanisms (Table 2) at atmospheric conditions, as well
as at elevated temperatures (up to 2085 K) and pressures (up to 5.1 MPa). The validation results are
shown in Figure 4. All mechanisms are able to predict the experimental data within a mean absolute
percentage error of approximately 28% for autoignition delay times and 11% for laminar flame speeds.
One exception is Dataset 05 [66], where the deviation is greater. Further validation of the mechanisms
used in this study can be found in [54-58].

The simulation results of different fuels are depicted in Figure 5. The autoignition delay time is
plotted with logarithmic scaling as a function of inverse temperature between 1000 and 1600 K, as is
common for Arrhenius-type reaction modeling. The ignition delay time can give some first hints about
the reaction rate or ignition energy. For example, fuels with a high autoignition delay time need higher
ignition energy to initiate the ignition as quickly as possible, which is important for engine relight
during a flameout. Ammonia and methane have the highest autoignition delay time compared to
n-octane, followed by jet fuel. Methanol has a slightly lower autoignition delay time, whereas the
hydrogen self-ignition behavior strongly depends on the reactants’ temperature. Higher autoignition
delay times could enable premixed combustion in aircraft engines.

The adiabatic flame temperature has an impact on the required air for cooling the combustion
chamber and the burned hot gases. Further tendencies of emissions such as thermal nitric oxide (NOy)
and unburned hydrocarbon are specifically influenced by this property. The temperatures of jet fuel
and n-octane are very similar. The same applies for methane and methanol. Ammonia shows the
lowest flame temperature of all the investigated fuels, whereas hydrogen has the highest temperature.
Looking at just the flame temperature, ammonia has the potential to reduce thermal NOy emissions,
but the NOy formation could be promoted by the bounded nitrogen in the fuel molecule, which is
so-called fuel NOx. A recent study of a premixed ammonia/air flame shows that the fuel NOy highly
depends on the air/fuel equivalence ratio and can be kept rather low [79].

Table 3. Experimental data from the literature used in this study.

Autoignition Delay Time Laminar Flame Speed

No. Mixture AG) T, (K) p(MPa) Ref. | No. Mixture A ) T, (K) p(MPa) Ref.
01  Jet A/air 1.00  934-1220 22-5.1 [61] | 17  Jet A/air 0.60-1.39 473 0.1 [62]
02 Jet A/air 1.00  990-1222 20 [63] | 18 JetA/air 0.77-1.43 400 0.1 [64]
03  Jet A/air 1.00  978-1229 40 [63] | 19 JetA/air 0.77-1.43 400 02 [64]
04 nCgH;3/0,/Ar 1.0 1265-1455 02-04 [65] | 20 JetA/air 0.77-1.43 400 0.3 [64]
05 nCgHjg/air 1.0 1025-1260 2.0 [66] | 21 nCgHjg/air 0.67-1.43 353 0.1 [67]
06 CH30OH/O,/N, 1.0 1008-1207 20 [68] | 22 CH30OH/air 0.67-1.43 298 0.1 [69]
07 CH30H/0,/N, 1.0  963-1124 31 [68] | 23 CH30H/air 1.00 470-570 0.6 [70]
08 CH30OH/O,/Ar 1.0 999-1274 09-1.1 [68] | 24 CHy/air 0.77-1.43 298 0.1 [78]
09 CH30H/O,/Ar 1.0 999-1296 4.6-5.0 [68] | 25 CHy/air 0.77-1.43 298 1.0 [78]
10 CHy/Oy/Ar 1.0 1418-1656 20 [71] | 26 CHjy/air 0.71-1.43 300 20 [72]
11  CHy/Oy/Ar 1.0 1456-1721 40 [71] | 27 Hp/air 0.20-2.00 298 0.1 [73]
12 Hp/O,/Ar 1.0 1060-1181 1.0 [74] | 28 Hp/0,/He 0.50-1.18 298 1.0 [75]
13 Hp/O,/Ar 1.0 1077-1245 1.6 [74] | 29 Hp/0,/He 0.50-1.18 298 20 [75]
14 Hp/O0,/Ar 1.0 1189-1855 33 [76] | 30 NHgj/air 0.80-1.20 298 01 [77]
15 NH3/0,/Ar 1.0 1615-2085 1.1 [58] | 31 NHjs/air 0.90-1.20 298 05 [77]
16 NH3/0,/Ar 1.0 1565-1870 29 [58]
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Figure 4. Comparison of calculated and experimental data [58,61-78]: (a) Autoignition delay time;
(b) Laminar flame speed.
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Figure 5. Combustion properties of different electrofuels (symbols are calculated values; lines are
interpolated values): (a) Autoignition delay time; (b) Adiabatic flame temperature; (c) Laminar flame
speed; (d) Extinction strain rate.
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The laminar flame speed plays an important role in the propagation behavior of the flame.
Hydrogen has by far the highest flame speed compared to other fuels. In fuel-lean conditions (A > 1),
the flame speeds of jet fuel, n-octane and methanol are similar, but the difference becomes more distinct
for fuel-rich conditions (A < 1). Ammonia has the lowest laminar flame speed of all fuels.

At first glance, this property of ammonia looks rather negative. However, Verkamp et al. [6]
suggested partially dissociating ammonia into hydrogen and nitrogen before injection to enhance
the combustion, or more precisely, to increase the laminar flame speed. A model for laminar flame
speed of NH3/H, /N, mixtures was very recently developed by Goldmann and Dinkelacker [80] and
shows that the flame speed can be adapted in a wide range by the addition of hydrogen to ammonia.
New interesting possibilities could be enabled by adjusting the ratio between ammonia and dissociated
ammonia (hydrogen + nitrogen) during the operation of the engine. For example, a boost function
during take-off could be implemented by a high concentration of hydrogen in the fuel, whereas during
cruising, mainly ammonia could be burned.

The extinction strain rate can provide initial information about the flame stability. Fuels with
higher extinction strain rates are less sensitive to the risk of flame extinction and allow higher flow
velocities in the combustion chamber. Therefore, higher mass flow rates are possible, which results
in an increase of thermal power. The extinction strain rate of jet fuel and n-octane is nearly the
same. Furthermore, methanol and methane show similarities. Here again, hydrogen has the highest
extinction strain rate, whereas ammonia has the lowest. Furthermore, here, a mixture of ammonia
with hydrogen could potentially lead to reasonable flame stability.

By comparing the fundamental combustion properties, it can be seen that n-octane is most similar
to jet fuel, whereas other fuels show very different behaviors. Therefore, for all these electrofuels,
a modification of the combustion chamber and the whole engine would be indispensable. In all cases,
hydrogen and ammonia have the maximum and minimum values, respectively. An interesting option,
however, could be a mixture of hydrogen and ammonia, as this shows a promising potential to adjust
the combustion properties as a function of the mixture.

3.3. Impact of Electrofuels on the Joule Process

Alternative fuels may need other air mass flow rates, and also, other design parameters for the
layout of the Joule process (compressor, burning chamber, turbine) can be different. In order to estimate
these effects, several thermo-physical parameters have been determined for an aircraft engine, again at
an altitude of 10 km (pg = 26,436 Pa, Ty = 223.15 K) and a cruise speed of Ma = 0.8. The schematic of
the combustion chamber of the aircraft engine and the relevant parameters is given in Figure 6.

The following assumption are applied: The pressure drop across the combustion chamber 77¢ is
assumed to be approximately 5% for all fuels. The turbine inlet temperature T3, is held constant at
1200 K, and the necessary overall air mass flow for temperature reduction 7z, 4; of the hot burned
gases is calculated. The thermal power Py, of the combustion chamber is 25 MW, and premixed
combustion with an air/fuel equivalence ratio A = 1.0 is assumed. The necessary mass flows of fuel iz
and air 7ity;, ¢ for the combustion are calculated. An overall compression ratio CPR = 40 is assumed.
The fuel in aircraft is used for cooling the engine oil, and therefore, the fuel is preheated before injection.
Here, the inlet fuel temperature Ty of 263 K (223 K +40 K) is chosen. Further ideal gas behavior
is assumed. The thermodynamic inlet conditions for the combustion chamber and the turbine are
calculated using Equations (1)—(7). The composition and properties of the combustion exhaust gas
are calculated using Cantera [59] and the detailed reaction mechanisms in Table 2. The following
indices are used: 0: environment, 1: turbo fan inlet, 2: compressor inlet, 3: combustion chamber inlet,
4: turbine inlet, 5: turbine exit. Table 4 shows the calculated values of the respective Positions 0—4.
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Figure 6. Schematic combustion chamber with inlet and outlet conditions

K—1 =
o= po- |1+ 55 Mar| )
-1
T, =Ty {1 n KT -Maoz] )
Pty = Tlnlet - Py with Tlnlet = 0.999 (3)
x=1
th - Ttl : <Pt2> (4)
Py
pt; = CPR - p;, with CPR = 40 5)
x—1
Ty, =Tt - (7%) (6)
Pt
Pty = TTCC * Pty with ¢ = 0.95 (7)

The speed of sound c4 (Equation (8)) can give the first indication about the maximal mass flow at
the combustor exit and with that the performance output.

c R
ca = VK- Ry - T with k=-"and R, = —

e Vi ®)

Table 4. Pressures and temperatures at different positions, 0: environment, 1: turbo fan inlet,
2: compressor inlet, 3: combustion chamber inlet, 4: turbine inlet.

Parameters 0 1 2 3 4
pt (MPa) 0.026436  0.040297 0.040257 1.611898 1.531303
Ty (K) 223.15 251.71 251.64 72217 1200.00

The results of the calculations are depicted in Figure 7 and Table 5. It can be clearly seen that
the fuel consumption is different due to the specific energy of fuels. The total inlet mass flow of
air for combustion and dilution is nearly the same for all fuels due to the effect of cooling capacity
and adiabatic flame temperature. Hydrogen has the highest flame temperature, but also the highest
specific heat capacity Cp, Co of the burned gas. The heat capacity ratio « is nearly the same for all fuels.
The speed of sound of all fuels is similar due to the high air content in the burned gas. Hydrogen and
ammonia have a slightly higher speed of sound due to the lower mean molecular weight of products
M in the burned gas. The dynamic viscosity ¢ and thermal conductivity A4 are nearly the same.
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In summary, all input and output parameters for different electrofuels are nearly similar, except the
fuel mass flow.
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Figure 7. Inlet and outlet parameters of the schematic combustion chamber: (a) Fuel mass flows; (b) Air
mass flows; (c) Temperatures; (d) Speed of sounds.

Table 5. Properties of burned gas at the outlet of the schematic combustion chamber.

Output Parameters  AS nCgHig CH3;OH CHy H, NH;

cp Tkg™' K™1) 1212.14 1213.83 1229.21 1221.32 1243.09 1251.69

e Jkg 1K) 923.10 924.41 937.43 929.74 944.89 952.38

x(-) 1.3131 1.3131 1.3113 1.3136 1.3156 1.3143

M (kg kmol 1) 28.766 28.728 28.496 28.516 27.882 27.779

Ry (Jkmol 1 K1) 289.04 289.42 291.78 291.58 298.21 299.31

u (Pas) 4.8046 x107°  4.6067 x 107> 4.7837 x 1075 4.7852 x 1075 4.7827 x 1075 4.7696 x 107>
Aeond Wm™1 K1) 0.08082 0.07930 0.08433 0.08365 0.08606 0.08639

The detailed analysis of the necessary burner concept with details on the fuel/air supply, mixing
system and flame stabilization is outside the scope of this study.

4. Turbine Performance Investigation

4.1. Introduction

In the following section, the influence of electrofuels on turbine performance is investigated
and compared to conventional kerosene in the form of Jet A-1. Because the turbine operates in a
choked condition, mass flow cannot be independently altered, and the turbine is operated at a fixed
operating point, which differs from the one of the previous section. The objective of this investigation
is the assessment of the drop-in potential of the introduced fuels, that is, a performance investigation
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for the turbine operating at a constant design point and without any modifications to the geometry.
A theoretical framework to assess the impact of gas composition on performance is derived and
supplemented with results from 3D numerical simulations.

4.2. Basic Setup

The turbine investigated was designed for mid-to-long-range aircraft and is depicted in the
cross-section in Figure 8. The computational single-passage domain begins at the combustion chamber
outlet and ends downstream of the exit guide vane (EGV). The two-stage high pressure turbine (HPT)
is separated from the five-stage low pressure turbine (LPT) by an inter-turbine duct. The geometry
is simplified by excluding cavities and fillets. Neglecting fillets increases the mass flow by 0.8% as a
result of the larger flow area. Cooling mass flows are not considered because the solver used does not
allow for the mixing of different gases, which, based on previous sensitivity studies, leads to an offset
of the calculated power by 4.7%. Both of these errors are systematic in nature and will only offset the
calculated performance parameters, while not affecting the study itself.

Figure 8. (a) Cross-view of the investigated turbine geometry; (b) computational grid of the first high
pressure turbine (HPT) stage [81].

The design point investigated is a modified cruise rating with reduced shaft speed to account for
the lack of cooling mass flow entering the low pressure turbine. The relevant machine parameters at
this operating point are summarized in Table 6. Reduced mass flow, pressure ratio and reduced engine
speed are kept constant for all of the calculations below.

Table 6. Machine characteristics at the investigated operating point for Jet A-1. LPT, low pressure turbine.

Characteristic Parameter Value
Rotational speed HPT nypr (min~1!) 12,228
Rotational speed LPT nppy (min~1) 4028
Mass flow 11 (kgs™1) 19.8
Inlet total pressure p; (MPa) 0.974
Inlet total temperature T; (K) 1200
Pressure ratio ITgpr (-) 5.689
Pressure ratio I'ly pr (-) 2.787
Turbine net power P (MW) 1.351

4.3. Numerical Model

The flow solver TRACE [82] was used for steady-state calculations of the turbine geometry.
TRACE is being developed by the German Aerospace Center (DLR) in cooperation with MTU Aero
Engines AG. The Wilcox (1988) k-w-model [83] with the Kato-Launder fix [84] to correct the turbulent
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kinetic energy production near the stagnation point was used to model turbulence. Rotor and stator
walls were fully resolved for which a low Reynolds formulation of the turbulence model was used.
Hub and tip endwalls were not resolved; instead, wall functions were used. All boundary layers were
treated as fully turbulent, i.e., transition was not modeled in the presented calculations.

A detailed description of the computational grid (Figure 8) can be found in [81]. The blocking
topology, consisting of an O-grid around the blade joined by H, C and G-grids in the passage,
is depicted for the first HPT stage in Figure 8 and similar for every row. The dimensionless wall
distance y* is below one for the low-Reynolds walls and between 10 and 30 for the non-resolved
walls. A grid convergence study using the Grid Convergence Index defined by Roache [85] was also
conducted by [81]. It is shown that the relative error decreases with discretization size and that the
grid used in the present work yields an extrapolated Richardson result (EERE) of 0.0933 for the first
high pressure turbine stage.

A mixing-plane approach was used for inter-row coupling. Constant turbine inlet and outlet
boundary conditions were specified according to the turbine’s design point. The turbulence intensity
at the inlet was assumed to be 5% and the length scale 2.08 x 10~* m. The exhaust gas was modeled as
an ideal gas with caloric properties obtained with the method presented in Section 3 for the inlet total
pressure given in Table 6. With the present setup, it was not possible to allow for viscosity variation
based on gas composition; the Sutherland model [86] for air was used for all calculations. Viscosity
influences on friction and transition can therefore not be evaluated.

4.4. Initial Considerations
The turbine operates in choked condition at the investigated operating point, resulting in a fixed

L rigy/RTy
red 4 VE prA

through the HPT. For constant flow area and turbine inlet parameters, the mass flow can be directly

reduced mass flow:

)

related to the gas composition:

. K
my ~ R (10)

Assuming constant pressure and temperature, the exhaust gas density will actually relate to the
gas constant as:

1

which means that the axial flow velocity will grow if the mass flow is reduced due to a higher gas
constant, e.g., due to a lower average molecular weight of the exhaust gas. Reduced speed:

n

Nred = /7KRTt4

is kept constant for all fuels; shaft speed is adjusted for each fuel investigated and thus proportional to
Vv «R. Because a fixed operating point with similar velocity triangles will ideally result in a constant

(12)

polytropic efficiency:

(13)

M
Tis = Ty (”“’) (14)
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The turbine power:
Pr =ty cpr (Toa — Tt5) (15)

can then be related to:

K kR 3R kel
~ _ _ _ Ui
Pro~ e (T — Tys) ~ 1 (1 IT ) (16)

4.5. Discussion of Turbine Performance

Table 7 lists the results of the numerical simulations of the turbine process for the different fuel
types. Shown is the calculated resulting turbine mass flow rate 74, the resulting low pressure turbine
speed ny pr, the total temperature at turbine exit Tjs, the turbine power Pr and the polytropic turbine
efficiency 77,. The relevant gas properties are also repeated here.

For all fuels, the ratio \/% is lower than that of Jet A-1, which results in proportionally lower

mass flows. The inverse is true for the factor v/xR, which results in higher engine speeds. Turbine
power output increases almost linearly with v/R, due to the weaker variation in the ratios of specific
heats. The change in total temperature agrees fully with the correlation presented above. Polytropic
efficiency varies by less than 0.01%, which can be treated as constant within the limits of numerical
accuracy. As can be seen in Figure 9, NHj offers the highest increase in power output over Jet A-1 at
almost 2%.

Table 7. Characteristic turbine performance parameters for different fuel types.

Parameters Jet A-1(AS) nCgH;3 CH30H CHy4 H, NH;3;
k() 1.3117 1.3116  1.3095  1.3121 1.3144 1.3130
R (Tkg 'K 289.14 28958  292.31 292.09 299.84 301.07
=l 0.2376 02376 02363 02379 02392 0.2384
\/g (kgl/2 K1/2 ]*1/2) 0.0674 0.0673  0.0669 0.0670 0.0662  0.0660
V¥R (]1/2 kg~ 1/2 K*W) 19.47 1949  19.56 1958  19.85  19.88
s (kgs™) 19.79 19.77 19.67 19.69 1945  19.40
nipr (min~?) 4028 4031 4047 4049 4106 4112
Tis (K) 638.8 638.9 641.2 6384 6361  637.6
r (MW) 13.51 13.52 13.59 1358 1374 1377
fp () 91.29 91.29 91.26 9129 9129 9127
(a)1e 25  (b)s000 25
14
2 & T 4000 2
12 & £ <
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Figure 9. Comparison of turbine power output (a) and shaft speed of the low pressure turbine (b) at
constant operating conditions. Absolute Bl and relative to Jet A-1.

The increase in power output, however, comes at the cost of a nearly similar increase in shaft
speed. This has a negative impact on the engine by increasing structural stresses, as well as blade tip
speed, the latter being specifically critical for the high-diameter fan. Initially, CH3OH appears to offer
the best compromise due to its low ratio of specific heats resulting in a small increase in engine speed
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relative to the gain in power output. However, the aerodynamic forces acting on the blade, which can
be related to the blade loading as defined by Traupel [87]:

= 23 = B (Tyn— Thow), 17)
will increase for lower ratios of specific heats. As a result, overall structural loads were found to be
proportional to the power output, thus diminishing the perceived advantage of lower ratios of specific
heats. Considering the discussion above, the possibility of adjusting the operating point towards
lower engine speeds was also investigated. Since the turbine operates in choked condition, a decrease
in engine speed will not be matched by an equivalent decrease in absolute mass flow. Considering
Equation (17) and the flow coefficient:

=
® = (18)

reveals that both will increase for constant shaft speed and blade velocity u due to the higher axial
velocity vy and specific heat cj, resulting from the gas properties of all electrofuel mixtures. Increasing
both blade loading and flow coefficient results in a lower efficiency due to higher pressure losses and
stronger secondary flows [88]. Additionally, negative incidence at the rotor leading edges was found
as a result of the altered velocity ratio.

The change in engine speed and blade loading requires a more detailed investigation regarding
structural and aerodynamic loads and possibly an optimized turbine design. With the above discussion
in mind, some design recommendations can be derived. First, the increasing structural loads have to be
counteracted by augmented components, such as sturdier disks and smaller diameters. The change in
blade loading would also require an optimized blade geometry. If the design point is altered towards
a constant engine speed, blade orientation has to be optimized additionally, to counteract negative
incidence.

5. Comparative Discussion

The major results of this study are collected to rate the investigated electrofuels via an evaluation
matrix (Table 8) in order to show the potentials. The electrofuels are compared for each criterion to jet
fuel. The evaluation is based on the data known so far, as described in the text above. As some of the
details are not yet fully known, the evaluation has to be seen as preliminary.

The first criterion is the potential overall CO, impact, being problematic for the reference fuel
from fossil source, while being good for the carbon-containing, but sustainable electrofuels and
being excellent for the carbon-free fuels. The electro-synthesis criterion contains the availability of the
feedstock, the energy demand of the synthesis and the availability of the technology. The specific energy
(per mass) and the volumetric energy density determine the transportability and the storage problem
in aviation. The storage problem is a challenge specifically for CHy and specifically problematic for
hydrogen. Toxicity is problematic for NH; and CH3OH, but also, the common fuel so far is not fully
free of this issue. The combustion properties contain the reactivity and stability. As these values
are rather low for NHj, the very interesting option of mixtures of NHj3 and Hj is included in this
table, allowing the reactive properties to be adapted within a broad range [80]. This may allow one
also to reduce the soot and NOy emissions, which are considered unsatisfactory for the common fuel
Jet A-1 and other drop-in fuels based on the conventional spray-jet combustor, while with gaseous
fuels, eventually lean premixed combustion is possible with significantly reduced emissions. However,
this would require major modifications of the combustor, which is considered a negative issue in the
drop-in capability with respect to combustion. For the turbine, three criteria are listed with the turbine
power output always being very good, specifically for H, and NH3. With the increase in engine speed,
however, a clear cost was also identified, as the turbine geometry would require significant adaptations.
With that, the drop-in potential with regard to turbine performance is specifically given for n-octane,
due its very similar properties to that of jet fuel, and to a lesser degree for CH;OH and CHy. Based on
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the overall evaluation, the most promising substitute fuel for current aircraft design is n-octane due to
its very similar properties to that of jet fuel. For the other electrofuels, several challenging issues have
to be solved. Here, the mixtures of fuels, like those mentioned in the table, could be an interesting
option with the aim to increase the positive properties and to reduce the problematic ones.

Table 8. Evaluation matrix for the selected electrofuels in this study (excellent: 5, good: 4, satisfactory:
3, challenging: 2, problematic: 1).

Property ]et A-1 nC8H18 CH30H CH4 H2 NH3 NH3/H2
CO; emission 1 4 4 4 5 5 5
Electro-synthesis - 3 3 4 5 5 5
Specific energy 4 4 2 4 5 2 2
Energy density 5 5 2 3 1 2 2
Storage 5 5 4 2 1 3 3
Toxicity 3 3 2 4 5 1 1
Combustion properties 5 5 4 5 5 2 5
NOy & soot emissions 2 2 4 4 4 3 4
Drop-in capability (combustion) 5 4 2 2 2 2 4
Turbine power output 4 4 4 4 5 5 5
Drop-in potential (turbine) 5 5 4 3 2 2 3
Structural considerations 4 4 3 3 2 2 3

6. Conclusions, Challenges and Future Research

Alternative and sustainable so-called electrofuels, i.e., n-octane, methanol, methane, hydrogen and
ammonia, were investigated regarding their synthesis, combustion and their impact on a combustion
chamber and turbine. Furthermore, the potential of ammonia/hydrogen mixtures was mentioned.

6.1. Synthesis of Electrofuels

For the synthesis of electrofuels, various pathways are possible. They are compared in terms of
efficiency. The hydrogen evolution reaction plays a main role in most of the current processes. It is
followed by reforming steps to increase the storage capabilities or to shape the combustion parameters
of the electrofuel to the desired values. New one-step reactions are needed to bypass the production and
the storage of hydrogen to raise the energy efficiency further. Electrochemical pathways can be, given
the appropriate technology readiness, more efficient than conventional processes and are needed to
steer the demand of electricity in a way that new regenerative energies can handle. All electrochemical
pathways are, in terms of technology readiness, far behind, but have the potential for the creation of
tailor-made emission-free aviation fuels with renewable energies.

6.2. Combustion Characteristics

The fundamental combustion properties, i.e., autoignition delay time, adiabatic flame temperature,
laminar flame speed and extinction strain rates, were computed using detailed reaction mechanism
and were compared with conventional jet fuel. Results show that all investigated electrofuels, except
n-octane, differ significantly from jet fuel regarding their combustion properties. For a combustion
chamber case under typical aviation conditions, several important parameters were calculated for
a constant cruise operating point. The mass flows of air for combustion and cooling the burned
hot gases are nearly the same, whereas the mass flow of fuel differs due to the specific energy.
The reaction reactivity is given for most of the fuels, except for ammonia. Here, mixture approaches
(ammonia/hydrogen mixture) might be of special interest, where more research is needed. The design
of combustors has to be adapted to the fuels, requiring basic research on flame stabilization and
emission. Although this process will need great effort, it provides the chance to reduce the emission
of soot and nitrogen oxide, if the combustion were based on more advanced approaches, like lean
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premixed or partially-premixed combustion. Here, however, flashback studies are required, as well as
reignition studies in order to fulfill necessary safety margins on combustion stability.

6.3. Turbine Performance

The influence of fuel choice on turbine performance was investigated at a modified cruise
operating point. As a consequence of the reduced mass flow and the reduced engine speed remaining
constant, absolute mass flow decreased and absolute rotational speed increased. A higher power output
and higher shaft speed were observed for all fuels investigated. Polytropic efficiency remained constant
within the limits of numerical approximation. The results show that the alternative fuels considered
here may be used in current turbine designs without major performance impacts. With regard to the
aerothermodynamics of the hot gas path, they can even be used with current designs. With regard
to the turbomachinery design, however, the increase in rotor speed changes the mechanical loads
and thus requires modifications in the mechanical design. The fuels therefore are not drop-in options,
but appear to be alternatives worth further evaluation with regard to the upstream fuel supply chain
and, if that turns out promising, with regard to a more detailed component design for the compressor,
the combustor and the turbine of the aeroengine.

6.4. Conclusive Remarks

This study on electrofuels for use in aviation demonstrates potentials, as well as challenges.
The ideal electrofuel will have the potential to allow sustainable aviation with fully-renewable fuel,
where the greenhouse gas impact is zero and where the pollutant emissions are lowered. Electrofuels
allow the combination of green electricity being stored with high energy content in liquid or gaseous
fuels. The production can be decoupled from the utilization both in time, giving a contribution to
the energy storage problem of renewable solar and wind electricity, as well as in space, as liquid
and gaseous electrofuels have good or excellent transport properties. The utilization of electrofuels
in current aviation engine technologies could be possible with drop-in fuels, where n-octane shows
the best potential so far. The synthetic production (ideally with an all-electrochemical pathway with
advantages to be delocalized) needs, however, significant research until technological readiness is
achieved. Other potential electro-fuels are discussed, and a preliminary comparison is done in the
different categories. Some of them may give the opportunity to reduce the pollutant emissions
within the aviation engines significantly, if lean premixed combustion were possible, where, however,
more fundamental research and safety issues have to be addressed. Of special interest could be
mixtures like that of hydrogen/ammonia. With regard to the turbine design, the drop-in fuel like
n-octane shows the potential to be used within current turbine generations, while other alternative fuels
modify the aerothermodynamics and the aeromechanical needs and, thus, will require corresponding
modifications in the design.
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