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Abstract

Contrail emissions are aviation’s largest non-CO, contribution to global climate change.
According to the Schmidt—Appleman criterion, potential future aircraft propulsion systems
may enhance contrail formation relative to conventional engines through three mechanisms:
(1) increased overall efficiency, (2) the use of hydrogen as fuel, and (3) external cooling in
low-temperature fuel cell propulsion systems, which is the most critical factor. This paper
presents the thermodynamic background and a system concept for contrail prevention appli-
cable to conventional gas turbines, hydrogen combustion, and fuel cell propulsion systems.
First, it is shown that fuel cell propulsion and hydrogen combustion exhibit equivalent ther-
modynamic contrail propensity when fuel cell exhaust is mixed with cooling air, analogous
to core-bypass mixing in a conventional turbofan engines. Second, contrail mitigation via
controlled condensation of exhaust water vapor is analyzed. It is demonstrated that the
required cooling for LT-PEM fuel cell systems is 3-5 times lower than for turbofan engines,
due to the already extensive thermal management in fuel cells. Since contrail avoidance
is only necessary in ice supersaturated regions, a control scheme is proposed that limits
condensation to the minimum required amount of water, thereby significantly reducing the
overall drag impact. Avoiding contrail formation could provide a substantial climate benefit
for future propulsion architectures.

Keywords: contrail mitigation; Schmidt—Appleman criterion; fuel cell propulsion; hydrogen
combustion; gas turbine engines; aviation climate impact

1. Introduction

Aviation contributes to global climate change through both CO; and non-CO; effects.
Among the latter, contrail cirrus clouds have been identified as a dominant short-term
radiative forcing component [1,2]. Contrails form when moist exhaust gases mix with
cold ambient air, and condensation and subsequent freezing occur if the resulting mixture
crosses the saturation line in the vapor pressure e-temperature T diagram [3-5].

Hydrogen-fueled propulsion systems release about 2.6 times more moisture per unit
of energy than kerosene, strongly increasing contrail probability [5-7]. While hydrogen
combustion increases contrail likelihood, low-temperature proton-exchange membrane
(LT-PEM) fuel cells introduce an additional challenge: low exhaust temperatures due to
external cooling lead to very high supersaturation conditions [6,7].

Contrail mitigation strategies [8,9] include, for example, modifications to fuel compo-
sition [5,10], power source [11], and engine efficiency [12], as well as adjustments to flight
routing and altitude [5,13]. Additional approaches involve the use of fuel additives [14],
droplet injection techniques [15], and condensation-based concepts [5,16,17].
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This paper makes two contributions. First, it shows that the contrail propensity of
LT-PEM fuel cell systems can be greatly reduced through appropriate mixing of exhaust
and cooling air, analogous to core-bypass mixing in a turbofan engine. In this process, both
fan losses and the kinetic energy deficit arising from non-ideal propulsive efficiency are
converted into thermal energy within the plume.

Second, it investigates water condensation in the exhaust and demonstrates that the
required cooling is 3-5 times lower for a LT-PEM fuel cell than for a turbofan engine, due
to the already extensive cooling in fuel cells. Since contrail avoidance is only required
when flying through ice supersaturated regions (ISSRs), a control scheme is proposed
that triggers condensation only up to the minimum required amount of water, thereby
significantly reducing the overall drag impact.

2. Theoretical Background
2.1. Microphysics of Contrail Evolution

Contrail formation and its climate impact can be analyzed in five steps: (1) water vapor
supersaturation, (2) droplet formation, (3) droplet freezing, (4) ice crystal persistence, and
(5) radiative forcing [18]. The paper focuses on the first step of water vapor supersaturation,
with the remaining steps briefly summarized as follows:

¢ Droplet formation depends on time, supersaturation and the presence of condensation
nuclei [19-21]. In the absence of condensation nuclei (homogeneous nucleation)
extremely high supersaturations can be required (500-20,000% RH,,), but abundant
atmospheric nuclei enable droplets at 100.1-101% RHs,, [22], where RH,y is the relative
humidity with respect to liquid water. Furthermore, engine-emitted particles strongly
influence droplet number and contrail optical properties [23,24].

* Droplet freezing occurs with high probability at ambient temperatures below
about —38°C [5,25]. Freezing depends on time, temperature, and ice nucleus
availability [21,26]. Direct ice formation from vapor is far less likely [5].

*  Ice crystal persistence in ISSRs enable ice crystals to grow, spread and form cirrus
clouds [5,27,28].

e  Radiative forcing of contrail cirrus clouds depends on location and diurnal cycle [29,30].
They can produce a cooling effect during daytime and a warming effect at night, but
are expected to yield a net warming contribution [1,2,30-32].

2.2. Schmidt-Appleman Theory and Mixing Thermodynamics

Schmidt (1941) [3] used the MOLLIER chart [33] and modeled contrail formation as
a steam-injection process adding heat and moisture (see Figure 1a, system boundary A).
In the MOLLIER chart [33] (analogous to the psychrometric chart) this steam-injection
appears as a straight line, independent of the air-to-fuel ratio. The mixture of exhaust and
ambient air follows this line toward ambient conditions as dilution increases (see Figure 1b,
colored arrows).

Schmidt further concluded that only a fraction of the combustion heat (relative to the
lower heating value, LHV) enters the plume at supersaturation-relevant dilutions. As an
example he used a piston-engine aircraft of his time, and assumed that the heat rejected to
the exhaust (50%), the heat rejected to the cooling system (20%) and the propeller losses
(0.3 x 0.8 = 6%) enter the plume before supersaturation is likely to happen, while the
remaining 24%, which he assumed to be split between friction at the aircraft skin and
dissipation in the vortex pair, mixes with the exhaust only at higher dilutions, and is hence
to be excluded in the calculations (see Figure 1a, system boundary B).
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While Schmidt (1941) [3] based his assessment on ice saturation, Appleman (1953) [4]
noted that contrails initially require supersaturation with respect to liquid water, droplet
formation and subsequent freezing. Further early contrail observations and explana-
tory approaches besides those of Schmidt and Appleman are summarized by Schumann
(1996) [5]. The current literature [5-9,12] usually expresses the Schmidt-Appleman theory
(SAT) in terms of temperature T and vapor partial pressure e. The increase in temperature
AT = Tp — T and the change in vapor pressure Ae = ep — e« can be approximated as
follows [5]:

Amy,0
fPLHVmgy0 Ang,o Mp,0 El,0M el
AT R =P8 Ae = polYH,0 & Peo— 20 = Poograt- = Peo— o, (1)
p,airMair air - air

where fp is the fraction of the reaction heat transferred to the plume at saturation-relevant
dilution; m is the mass; ¢y air ~ 1004 ]/ (kg K) is the mean ambient specific heat capacity at
constant pressure [5]; p is the pressure; y is the molar fraction; n is the amount of substance;
M is the molar mass and € = Mp,0/ Mair = 0.622. Here, the plume denotes the mixture
of exhaust gases and entrained ambient air. Subscripts denote () ambient, (e)p plume,
(®)fuer fuel, (), air and (®)p,0 water quantities; and A(e) = (e)p — (@) denotes the
difference of plume with respect to ambient.

For conventional gas turbine engines, the fraction of reaction heat transferred to the
plume, fp, is commonly approximated as fp = 1 — #, where 7 is the overall propulsive
efficiency [5]. For the previous example according to Schmidt (1941) [3], a plume heat
fraction fp = 76% corresponds to an overall propulsive efficiency # = 24%. Additional
effects, such as, power off-takes, heat rejection or electric power supply can be included
into the plume heat fraction fp as well [6]. For example, preheating liquid hydrogen in the
engine reduces the plume heat fraction fp by about 3% [6]. For kerosene, the lower heating
value LHV is defined based on the liquid fuel reference state; therefore only sensible heat
of the plume state and fuel tank state relative to the reference state contribute to the plume
heat fraction fp, which is typically negligible. Equation (1) neglects the sensible specific
enthalpy and species contributions of reactants and products relative to the non-reacting
air mass m,;j;. Richardson (2025) [6] extended this theory to include these effects, as well as
inflow /outflow velocities and non-ideal gas effects; however, for first-order estimates at
saturation-relevant dilutions, these factors remain relatively small [5,6].

The ratio of vapor pressure change to temperature change Ae/AT, the mixing-
line slope,

Ae N PooEIHZOCp,air

C= AT~ 06nfLnv

)

is independent of the fuel-to-air mass ratio g,/ M,ir. Consequently, if condensation is
neglected, the plume’s evolution is characterized by a straight mixing line of slope G in
the vapor pressure—temperature (e-T) diagram, as illustrated in Figure 1b. According to
the SAT, the plume state (Tp, ep) moves along this line from exhaust conditions toward
ambient conditions.

2.3. Comparative Analysis of Propulsion Systems

Figure 1b presents exemplary mixing lines for different propulsion systems (colors):
hydrogen and kerosene combustion at overall efficiencies 77 = 30% and 50% (equivalently,
plume heat fractions fp = 70% and 50%), as well as LT-PEM fuel cell propulsion with an
exhaust temperature T,,;, = 80 °C and an equivalence ratio of 0.5 (air surplus of 2). For the
LT-PEM case, the mixing-line slope G = Ae/AT is evaluated directly from the exhaust state
(Texh, €exn), Where the exhaust vapor pressure e, is determined from the equivalence
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ratio. Ambient conditions are: flight level FL350 (35,000 ft ~ 10,668 m), ATigpa = 0K,
and 100% RH;. Here, ATiga = T — Tiga is the deviation from the International Standard
Atmosphere (ISA) temperature (see Figure 1f); RH; = e/e; and RH,, = ¢/e,, are the relative
humidity with respect to ice and liquid water; and ¢; and ey, are the saturation vapor
pressures over ice and liquid water. Arrows indicate the evolution of the plume state.

All propulsion systems cross the saturation curve with respect to liquid water, indi-
cating possible droplet formation. The mixing-line slope G increases due to: (1) higher
efficiency; (2) hydrogen compared to kerosene, increasing the moisture per unit of en-
ergy Elp,0/LHV; and (3) external cooling in LT-PEM fuel cell propulsion. The three effects
are labeled as Eff., Fuel, and Cooling in Figure 1b. As identified by Schmidt (1941) [3] (see
Figure 1a, system boundary B), mixing cooling air with the exhaust prior to the onset of
supersaturation cancels the cooling effect. This results in the same mixing-line slope G for
both LT-PEM fuel cells and hydrogen combustion, provided they share the same plume
heat fraction fp [34]. Further reduction in the mixing-line slope G by condensation is
discussed in Section 3.

Figure 1c is an alternative representation of Figure 1b. It shows the supersaturation
(RHy > 100%) for the same propulsion systems and ambient conditions as in Figure 1b.
A logarithmic y-axis for the temperature difference Tp — T is used with either four or
five linearly spaced minor ticks between any two major ticks. Again arrows indicate the
evolution of the plume state. The temperature difference Tp — Teo relates to the dilution
factor DF = ey, /Moo by DF = (Toypy — Too)/ (Tp — Teo) — 1, that is, DF ~ (Tp — Two) 1.
An increase in efficiency, the use of hydrogen fuel, and external cooling leads to (1) higher
maximum supersaturation, (2) saturation occurring at larger temperature differences (i.e.,
lower dilution), (3) supersaturation persisting to lower temperature differences (i.e., higher
dilution), and (4) a steeper increase in supersaturation. Consequently, higher supersatura-
tion, and thus smaller droplets with larger surface-to-volume ratio, are likely, particularly
for a reduced amount of condensation nuclei.

Figure 1d generalizes three characteristic mixing points along the plume evolu-
tion—two intersections with 100% RH,, (solid) and the point of maximum supersaturation
(dashed)—as a function of flight level, FL, forming a contour-like representation. Ambient
conditions and propulsion system parameters are kept identical to those in Figure 1b,c. The
black horizontal line marks the flight level considered in Figure 1b,c. Figure 1d illustrates
how the supersaturation contour expands with increasing efficiency, hydrogen fuel, and
external cooling. Notably, the temperature difference Tp — Teo at maximum supersaturation
remains approximately constant across the cases considered.

Figure le generalizes the maximum supersaturation with respect to liquid water
as shown in Figure 1c as a function of flight level, FL, using the same ambient condi-
tions (100% RH;) and propulsion system parameters as before. The horizontal axis is
logarithmic, with either four or five linearly spaced minor ticks between consecutive
major ticks. Maximum supersaturation increases with altitude up to 11,000 m and de-
creases thereafter. This change in slope is primarily an artefact of the ISA temperature
profile. At very high altitudes, contrail formation becomes less likely in any case, since
the ambient relative humidity is typically below ice saturation [27]. At 11,000m, the
maximum supersaturation reaches 1.8 for kerosene propulsion (2.4 for 7 = 50%), 4.4 for
hydrogen combustion (6.0 for # = 50%), and 33.8 for LT-PEM fuel-cell propulsion. This
underscores the pronounced increase in supersaturation for LT-PEM fuel cell systems,
which far exceeds the levels seen in conventional combustion-based propulsion.
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Figure 1f shows threshold temperatures as a function of flight level, FL. Col-
ors distinguish the propulsion systems, while line styles indicate ambient relative hu-
midity: solid lines correspond to 100% RH;, dashed lines to 100% RH,,, and dash-
dotted lines to additional relative humidity levels for LT-PEM fuel-cell propulsion
(RHy, = 0%, 30%, 60%, 90%, 99% and 100%). Lines of constant deviation from the In-
ternational Standard Atmosphere are shown for ATigy = —10K, —5K, 0K, 5K and 10K.

The threshold temperature is defined as the maximum temperature at which saturation
is reached for a given ambient pressure, ambient humidity, and propulsion system [3-5].
Supersaturation occurs whenever the ambient temperature falls below this threshold.
Threshold temperatures for LT-PEM fuel-cell propulsion shown in Figure 1f differ from
those reported in (Figure 7) [6], as they are based on a fixed fuel-cell operating point
(fixed exhaust temperature T,,;, and fixed equivalence ratio, which determines the vapour
pressure difference eq,1, — €«) rather than a prescribed mixing-line slope G, which may
better represent controlled LT-PEM fuel cell operation.
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Figure 1. (a) Schematic of contrail formation processes; color-coded paths denote air flow (black),
water (H>O, blue), and heat/energy transfer (red), with dashed lines indicating system boundaries A-C;
(b) mixing lines at FL350; (c) relative humidity RHy, during mixture at FL350; (d) characteristic points
during mixture as contour plot: saturation (100% RHy, solid lines) and maximum supersaturation
(dashed lines); (e) maximum relative humidity RHy,; (b—d) ambient conditions: ATigy = 0K, 100% RH
(f) threshold temperatures, ambient conditions: 100% RH; (solid lines), 100% RH,, (dashed lines); legend
applies to (b—f); LT-PEM fuel cell propulsion assumes an outlet temperature of 80 °C, and an equivalence
ratio of 0.5 (air surplus of 2).
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A homogeneous freezing threshold Tfeeze of —38 °C is additionally indicated. Below
this temperature, droplet freezing is highly likely. Threshold temperatures above Tgeeze
are shown with thin lines, indicating that homogeneous freezing is the more restrictive
condition for contrail formation. Conversely, bold lines denote cases where the threshold
temperature lies below Tiee,e, meaning that saturation is the limiting constraint.

Overall, Figure 1f demonstrates that increasing efficiency, the use of hydrogen fuel,
and external cooling in LT-PEM fuel-cell systems significantly raise threshold temperatures.
As a result, supersaturation conditions can occur at higher ambient temperatures and lower
altitudes. In particular, LT-PEM fuel-cell propulsion enables droplet formation over a wide
range of atmospheric conditions. The results further highlight the growing relevance of the
homogeneous freezing limit, which becomes the dominant constraint for hydrogen-based
propulsion systems. Additional experimental studies and flight measurements could help
refine and further strengthen confidence in this limit [35].

3. Condensation
3.1. Thermodynamic Formulation

Schmidt (1941) [3] already suggested removing water from the exhaust by condensa-
tion, but considered it impractical due to the mass and drag of the required heat exchangers.
For gas turbines, condensation concepts were later examined by Taylor et al. (2015) [16]
and Kaiser et al. (2022) [17].

Condensation can be incorporated into the SAT by introducing a modified mixing-line
slope G*, as follows:

G* ~ PwEIHzO(l - fcond)cp,air
0.622(fpLHV + fiondEl,0Ahy) ’

)

where f.,nq denotes the fraction of product water that is condensed. The enthalpy difference
Ahy = hyp,0(g)(Tp) — h,0 1) (Tout) is approximated by the latent heat of vaporization at
standard conditions, Ahy,(25°C) ~ 2.44MJ/kg. This simplification is justified as the
lower heating value LHV is several orders of magnitude larger than Ah,, rendering the
temperature-dependent variation of the latter negligible. Here, (®),0 (g) and (')Hzo(l)
denote gaseous and liquid water, respectively, while Tp is the plume temperature and Toyt
the outlet temperature at which liquid water leaves the control volume.

Equation (3) shows that condensation has two effects: (1) removal of water and
(2) addition of latent heat to the exhaust (see also Figure 1a, system boundary C). Next,
Equation (3) can be rearranged as:

1—g G* _ Elp,0bhy

1tag’ €7 G “7 fLOV ’ @

f cond —
where g is the ratio of mixing-line slopes and « is the ratio of enthalpy of evaporation
to reaction heat transfered to the plume. The ratio « occurs also for condensation in the
plume [5].

To ensure contrail avoidance, a mixing-line slope G* can be targeted such that it
is tangential to the saturation curve ey, as indicated in Figure 1b. Since contrail forma-
tion generally requires some supersaturation [4], a less conservative criterion may also
be considered. Applying Equation (4), this approach first determines the required con-
densation fraction f.,.q; second, the necessary vapor pressure at the condenser outlet,
econd,out = (1 — feond)€condin + feond€eo; and finally, the required condenser temperature,
Teond < Tsat(econd out), Which depends on condenser performance and where Ts,¢ denotes
the saturation temperature.
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3.2. System Architecture and Control Logic

Figure 2b outlines the resulting design and control logic. The controller aims to
maintain the effective slope G* below a critical value Gt by adjusting (1) cooling air
mass flow via a flap or (2) condenser pressure via a variable-speed compressor (CMP),
see Figure 2a. Ideally, the controller would have access to ambient conditions (pressure,
temperature and humidity) and the overall propulsive efficiency. In practice, however, the
high visual detectability of contrails can compensate for missing information.

Figure 2a shows a potential air supply system for LT-PEM fuel cells enabling contrail
avoidance by (1) partial condensation of water vapor in the fuel-cell exhaust, optionally
above stack pressure, followed by (2) mixing the remaining moist exhaust with dry cooling
air. The mixing can be achieved by a dedicated system or in the propeller wake. Schmidt
(1941) [3] already stressed the importance of appropriate mixing of the exhaust with
cooling air, suggesting that additional waste heat—such as that from electric motors, power
electronics, or gearboxes—could be beneficially directed into the plume.

Furthermore, Figure 2a illustrates potential enhancements enabled by integrated water
management. The cooled condenser outlet can be routed through a reheater to lower
the compressor discharge temperature while increasing turbine (TRB) inlet temperature,
potentially eliminating a dedicated air-supply cooler. The recovered liquid water may also
serve as humidification at the cathode inlet, avoiding separate humidifiers, provided fuel
cell purity requirements are satisfied [36]. The condensed water can be stored in a tank and
used for evaporative cooling under high cooling demands or emergencies. To prevent icing
in the condenser for low ambient temperatures, a liquid cooling loop can be used for heat
transfer in the condensation system.

system power systems cooling ram air

boundary .~ ¥ ...
\ heat: cabin, avoinics, hydraulics, etc.

yes
<L< 1) Shall contrails be avoided? }—»’ 2) Determine G* ‘

E losses: battery, e-motor, etc. systems HX 5 \g

: g ) 33

E humidification reheater cmp é‘ S no A
hydrogen| fuel 4—{’ }é 4—{ 4) G* <G ‘4—{ 3) Determine G ‘
— > cell

i stack ves

Y feedforward
5) Determine feong —
— €cond 7 Tcond 4

condenser | water
ram air\

exhaust

:{ 6) Control system ‘

FC cooling condensation

| C vt
. system system
A
| feedback -
-------------------------------------------------- —{ 7) Detect contrails ‘

fuel cell cooling ram air

(a) Air supply system (b) Contrail avoidance flowchart

Figure 2. (a) Air supply architecture where components use upright text and mass/energy flows use
italic text, with colors indicating fuel cell air supply (grey), cooling air (green), liquid water (blue),
hydrogen (teal), heat (red), and electric power (orange); the system boundary (dashed) is equivalent
to system boundary C in Figure 1a; (b) contrail avoidance flowchart.

3.3. Analysis of Condensation Requirements

Figure 3 shows condensation fraction f.,nq, condensation temperature T.,ng and
relative condensation cooling demand Elgy,0Ahong/LHV depending on the flight level,
FL. The results assume ISA ambient temperature, ATisy = 0K, with ambient humidity
at 100% RH; (solid lines) and 100% RH,, (dashed lines).

Figure 3a shows the required condensation fraction f.,,q for different propulsion
systems, using the color scheme from Figure 1. Notably, LT-PEM fuel cell results are
implicitly represented by the hydrogen combustion curves; regardless of the exhaust
temperature and equivalence ratio these are directly applicable under equivalent plume
heat fractions, fp, assuming effective mixing between exhaust and cooling air. As shown,
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the condensation fraction f.,q increases with (1) higher overall propulsive efficiency,
(2) the use of hydrogen fuel, (3) altitude up to the tropopause (11,000 m), and (4) higher
ambient humidity.

The total heat rejected in the condenser comprises latent and sensible heat. The
latent heat contribution, calculated based on a reference state of 25 °C, scales linearly with
the condensation fraction f.ong as feondEln,0Ay. Sensible heat removal is additionally
required to reach the condensation temperature and satisfy the reference state. For complete
condensation (f.ong = 1), the latent heat fraction fiyent = Elg,0Ahy/LHV is 18.2% for
hydrogen and 7.1% for kerosene. Consequently, the latent cooling demand can be derived
from Figure 3a by scaling the shown condensation fraction values, f.,nq, by the respective
latent heat fractions, flatent-

Figure 3b,c show the condensation in LT-PEM fuel cell exhaust. They consider hydrogen
fuel, a plume heat fraction fp of 50% (efficiency # = 50%), and an equivalence ratio of 0.5 (air
surplus of 2), consistent with the green curves in Figure 3a. The colors in Figure 3b,c represent
different inlet pressure-temperature pairs: 1.5bar, 80 °C; 2bar, 115°C; 3bar, 175°C, see
legend in Figure 3c. The inlet temperatures result from compression starting from 1.5bar
and 80 °C, assuming an isentropic efficiency of 80%.

In Figure 3b, the black lines represent the latent cooling demand, which remains inde-
pendent of condensation pressure. The colored lines show the additional sensible cooling
required to enable condensation. This sensible cooling demand increases with higher
condenser inlet temperatures, reaching up to 9.5% in the most demanding case. While
high-pressure condensation offers better density and temperature margins, it introduces
additional sensible cooling requirements and compression losses. Furthermore, the sensible
demand is sensitive to the air surplus; an increased equivalence ratio reduces the cooling
requirement, and vice versa.

Figure 3c shows the required condenser outlet temperature T,nq, assuming ideal
condensation. The required condenser outlet temperature T,,,q decreases as condensation
fraction f.,ng increases and rises with higher inlet pressures. The most restrictive case
(11,000 m, 100% RHsy, 1.5bar, 80 °C) requires a condenser outlet temperature of 17.2°C
assuming ideal condensation. Even if non-ideal condensation requires lower temperatures,
e.g., 10°C, the risk of icing remains small. However, the small temperature margin to
ambient conditions may pose a design challenge.

Condensation is particularly effective for LT-PEM fuel cells because fuel cells are
already heavily cooled, drastically reducing sensible cooling demand. In contrast, gas
turbines operate at far higher exhaust temperatures, necessitating the removal of sub-
stantial sensible heat. While exact values depend on the low pressure turbine outlet
temperature, the sensible cooling demand for gas turbines is in the order of fuel cell cool-
ing, that is, roughly 50% with respect to the lower heating value LHV. For this reason, the
total condenser cooling demand increases from 10-20% with respect to the lower heating
value LHYV for fuel cells to 60-70% for hydrogen combustion and 55-60% for kerosene,
assuming a plume heat fraction fp = 50% (overall propulsive efficiency # = 50%). Lower
overall propulsive efficiencies would further increase these requirements. Nevertheless,
concepts like the Water-Enhanced Turbofan (WET) [17] integrate cooling, condensation
and water separation in gas turbines, and may enable prevention of contrails for gas
turbine architectures.
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Figure 3. (a) Condensation fraction f.,,q (colors as in Figure 1); fuel cell results match hydrogen
combustion for identical plume heat fraction fyjume, regardless of exhaust temperature or equivalence
ratio, assuming effective mixing; (b) relative condensation cooling demand Elpjp0Ahcong /LHV; (c) con-
densation temperature T,ong; (b,c) LI-PEM fuel cell, plume heat fraction fp = 50% (efficiency 1 = 50%),
equivalence ratio of 0.5 (air surplus of 2); colors indicate condenser inlet conditions (see legend in (c);
(a—c) results vary by flight level, FL, at ambient temperature ATiga = 0K and ambient humidity
100% RH; (solid) and 100% RH,, (dashed).

4. Conclusions

Contrail formation remains a major environmental challenge for future aviation, partic-
ularly for LT-PEM fuel cell propulsion. Owing to its (1) high efficiency, (2) hydrogen as fuel,
and (3) external cooling, LT-PEM fuel cell propulsion exhibit a strongest inherent tendency
to satisfy the Schmidt-Appleman criterion across wide portions of the flight envelope.

First, their contrail propensity can be greatly reduced by appropriate mixing of the fuel
cell exhaust and the fuel cell cooling air, analogous to core-bypass mixing in a conventional
turbofan engine. Second, further reducing the mixing-line slope G through controlled
exhaust-water condensation offers an effective mitigation route, but introduces the trade-
off of contrail suppression vs. system complexity and weight. Despite the Merendith
effect it can be assumed that condensation creates drag. However, contrail avoidance is
predominantly required when flying through ISSRs, which can reduce the overall drag
impact relative to continuous condensation along the flight path.

Preliminary system estimates for LT-PEM fuel cell propulsion indicate that condensing
roughly 50% of the product water at flight level FL250 up to 90% at flight level FL350 is
sufficient to prevent saturation. The condensation is associated with a cooling demand
increase of about 10% to 20% with respect to the lower heating value LHV. While kerosene
combustion requires less condensation, it can be expected that the higher exhaust tempera-
tures yield a 3-5 times higher cooling demand compared to fuel cells, which benefit from
already being heavily cooled.

The paper underscores the importance of the homogeneous freezing temperature as a
critical constraint for contrail formation in the case of hydrogen propulsion, highlighting
that experimental studies and flight tests could help strengthen confidence in this limit.
The homogeneous freezing limit corresponds to an altitude constraint of roughly 8000 m
to 8500 m (flight level FL260 to FL290). While regional aircraft commonly fly at lower
altitudes, contrail prevention for hydrogen-powered short- and medium-range aircraft
becomes increasingly important.

Further work could include overall aircraft design feasibility, experimental validation
under realistic cruise conditions, optimization of condenser and heat-exchanger architec-
tures in terms of drag, and a quantitative assessment of the net climate benefit of full
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contrail avoidance. Successfully avoiding contrails could, however, provide a substantial
climate benefit for future propulsion systems.
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