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In recent efforts to reduce the radiative forcing of aviation, fuel design has gained increased attention.
Sustainable Aviation Fuels are seeing wider adoption, and their positive impact on carbon dioxide and
non-volatile soot particle emissions is well-established. However, the effects of the reduction in fuel
sulfur content on volatile particle emissions and contrails are unknown. This study presents
observations from in-flight measurements of emissions and contrails of an Airbus A350-900 burning
fuels with different sulfur contents. We find a reduction in volatile particles and contrail ice crystals for
low-sulfur fuels. For higher fuel sulfur contents, our findings demonstrate an additional contrail ice
particle source through activation of sulfate aerosols. Our data-driven results need to be consolidated
by in-flight observations with different fuels and engines. Eventually, climate impact estimates as well
as regulations should account for the modulating effect of the fuel sulfur content on contrail ice particle

numbers.

Aviation is a growing sector and already accounts for about 3.5% of the
anthropogenic radiative forcing'. As the aviation sector strives for carbon
neutrality, the adoption of sustainable aviation fuels (SAF) has emerged as a
key strategy. In the European Union, the ReFuelEU Aviation Regulation
mandates a gradual increase in the blending of SAFs with conventional
kerosene’, while in the United States, tax credits for SAF production have
been introduced to incentivize its adoption’. SAFs offer a promising path for
mitigating both CO, and non-CO, climate effects from aviation. Advancing
regulatory frameworks requires a reduction in uncertainties related to the
benefits of mitigation strategies, with the climate impact of contrails
representing one of the major remaining sources of uncertainty’ . Contrail
cirrus produce a major part of the non-CO, effects, warming the atmo-
sphere with an effective radiative forcing of about 57.4 + 40 mW m ™ in
2018'. Contrails form at flight altitude when the hot aircraft engine exhaust
cools down to atmospheric air temperatures below —40°C and reaches
liquid saturation of water vapor within the plume as determined by the
Schmidt-Appleman threshold temperature (Ts,)’. The water vapor then
condenses on emitted, newly formed and in-mixed ambient aerosol parti-
cles and forms liquid droplets. For the current aircraft fleet, the exhaust
aerosols generally contain non-volatile soot particles and smaller volatile

aerosols. The resulting droplets freeze due to the cold temperatures at
cruising altitude and form contrails. In ice-subsaturated conditions, the
contrail ice crystals sublimate shortly after their formation’. However, in ice-
supersaturated conditions, initially line-shaped contrails’ can spread out
and form large-scale contrail cirrus clouds'*". Through trapping of out-
going longwave radiation and reflection of solar shortwave radiation",
contrail cirrus lead to a globally averaged positive radiative forcing*™". In
contrast to CO,, contrail cirrus have an average lifetime of a few hours'*",
therefore reducing the occurrence of warming contrails or changing their
properties could help to quickly reduce the climate impact of aviation. This
can be realized, for example, by using sustainable aviation fuels such as
hydroprocessed esters and fatty acids synthetic paraffinic kerosene (HEFA-
SPK) or other synthetic fuels with low aromatic contents'®”. These sus-
tainable aviation fuels cause lower soot emissions®’, which reduces ice crystal
numbers**** and the climate forcing of the contrails'****.

The influence of the engine and the fuel composition, in particular the
fuel sulfur content (FSC) on particle emissions was previously investigated
experimentally in several projects, for example, the flight experiments with
the supersonic aircraft Concorde””, the Pollution From Aircraft Emissions
in the North Atlantic Flight Corridor (POLINAT) projects™, the NASA
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Fig. 1 | Particle and contrail formation for fuels with medium (500 ppm) to high (3000 ppm) sulfur content.

Subsonic Aircraft Contrail and Cloud Effects Special Study (SUCCESS)*
and the Subsonic Assessment Near-Field Interactions Field Experiments
(SNIF I-1I1)* as well as the SULFUR 1-7 campaign series’**”. These cam-
paigns suggested that the fuel sulfur content could have an influence on
aerosol particle emissions and contrail ice particle formation. Answers on
the resulting impact on contrails remained inconclusive and might have
been masked by the stronger impact of the larger soot particles on contrail
formation.

Today’s technology strives towards reducing particle emissions, so that
soot emissions below 10" soot particles per kg of fuel are common™*. As
engine technology advances and soot emissions decrease, the role of volatile
particles in contrail formation becomes increasingly important. It is there-
fore necessary to investigate the particle formation of modern jet engines
and the influence of fuel composition on volatile aerosols and the resulting
contrails. Previous in-flight studies have been conducted using older engine
types with substantially higher soot emissions (>2 x 10" per kg fuel), where
the impact of fuel sulfur content was less pronounced or not observed™. In
contrast, this study examines a modern engine fitted with a
Rich-Quench-Lean (RQL) combustor, which represents the most common
combustor technology listed in the ICAO Aircraft Engine Emissions
Databank™ and emits substantially less soot, making the influence of fuel
sulfur content more discernible. The sulfur content of the fuels used in this
study spans the typical range of today’s fossil-based jet fuels and extends to
the low sulfur levels characteristic of SAF, thereby representing a realistic
spectrum of both current and future fuel compositions.

We investigate the influence of the fuel sulfur content on emitted
aerosol particles and contrail formation under ambient conditions. Our
analysis is based on in-flight measurements and modeling. We demonstrate
that, for the tested engine, variations in fuel sulfur content have a substantial
impact on both the ice activation efficiency of soot particles and the con-
tribution of volatile aerosols to ice nucleation.

Exhaust particles and contrail formation
Conventional jet fuels have a mean FSC of 400-500 parts per million by
mass (ppm), with no apparent trend in the recent years™*. Current fuel
specifications permit concentrations up to 3000 ppm”, which results in a
broad distribution and a median FSC in the range of approximately
200-400 ppm’. In contrast, SAF generally has negligible sulfur content, as
they are derived from sulfur-free or sulfur-lean feedstocks.

As a result of the combustion process in the engine combustor, the fuel
sulfur is converted to sulfur oxides (SO,), which are then partially converted
into gaseous sulfuric acid H,SO, behind the engine****. The conversion

fraction of fuel sulfur to available sulfuric acid mainly depends on the fuel
sulfur content and might be influenced by engine characteristics; it is esti-
mated by different models and experiments to range between 0.3% and
50032,39742'

Due to the cooling of the exhaust air, H,SO, becomes supersaturated
and partially condenses along with H,O on emitted soot particles, leading to
aliquid coating of H,SO4 and H,O on the surface of the soot particles”. Due
to the coating, the hygroscopicity and size of the soot particles are enhanced.
These particles are more effective in capturing water vapor, and therefore
support the formation of contrail ice crystals**.

Volatile aerosol particles form via two main pathways (see Fig. 1):
homogeneous nucleation of H,SO, and H,O forming electrically neutral
aerosol clusters (neutral-mode particles); and heterogeneous nucleation, ie.,
nucleation on pre-existing particles or ions (including chemiion-induced
nucleation), forming ion-mode particles. During combustion, high con-
centrations of chemiions (CI) are generated that further react and eventually
cluster with water, sulfur, and nitrogen compounds, forming these small ion-
mode particles™***”. Consequently, chemiions represent the dominant source
of condensation nuclei (CN) leading to volatile particle formation”. During
ground experiments, a CI number emission index of about (0.2-2) x 107 kg™
at the engine exit was determined, depending on the engine type, engine
condition, and fuel composition**. Measurements of CI concentrations and
their composition from modern jet engines would be of interest.

The volatile aerosol further grows by the uptake of H,SO, and H,O”*".
For fuel sulfur contents larger than ~100 ppm, sulfate compounds become
the main contributor to ultrafine volatile aerosol in the aircraft exhaust™".
Experiments indicate that the composition of volatile particles may be
dominated by non-sulfate compounds for fuel sulfur contents below
50-100 ppm”'. For such fuels, species aside from H,SO,, e.g. HNO; and
organic compounds, mainly contribute to or even control the initial growth
of volatile particles™".

Through scavenging, the neutral-mode clusters primarily account for
the growth of ion-mode clusters during the first minutes of plume
evolution™. The number of volatile particles in the plume is therefore not
only affected by the FSC, but also by the initial number of CI”. However, the
amount of condensable sulfuric acid as well as temperature and relative
humidity over ice (RHi) influences the growth and thus particle mass and
particle diameter, and thereby the number of particles detectable by the
instruments. The ion-mode particles continue to grow within the first
minutes after formation”’. The maximum volume mean diameter of the ion-
mode particles then amounts up to 5-12 nm for average to high sulfur fuels
(>500 ppm)38’39’53.
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Table 1 | Selected properties of the fuels burned by the A350-900 during the test sequences

Fuel Ultra-low-sulfur Low-sulfur Medium-sulfur ECLIF3-1 ECLIF3-1 World average
HEFA-SPK Jet A-1 blend fuel HEFA-SPK Jet A-1 Jet A-1 (2006)
Components 100% 100% 38% HEFA-SPK+ 100% 100%
HEFA-SPK Jet A-1 62 % Jet A-1 HEFA-SPK Jet A-1
Hydrogen content [%m/m] 15.18 14.25 14.39 15.11 14.08 13.89
Carbon content [%m/m] 84.82 85.74 85.56 84.89 85.90 N/A
Sulfur content [%m/m] 0.0003 0.0125 0.0505 0.0007 0.0211 0.0460
Aromatics [%6V/V] <0.1 13.4 10.8 N/A 13.4 19.2

Fuel properties were analyzed according to ASTM standards. World average fuel data were obtained from the CRC World Fuel Survey®.
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Fig. 2 | Side-view of the research aircraft Falcon and the A350-900, and flight
routes of the measurement flights. The Falcon chases the A350-900 to sample
aemissions and b contrails. ¢ The emission measurement flight (orange) and the two

contrail measurement flights (blue) were performed along the French Atlantic coast
in November 2021.

If contrail-forming conditions prevail in the ambient atmosphere,
meaning the air temperature is below the Schmidt-Appleman threshold
temperature and the air is supersaturated with respect to ice, the number of
contrail ice particles is mainly determined by the number of suitable CN. For
conventional engines, soot particles constitute a large fraction of CN, while
the droplet-activating efficiency of the volatile aerosol is a function of its size
distribution, and therefore FSC, according to the Kéhler theory”. Models
indicate that only a fraction of the activated liquid acid droplets eventually
freeze and continue to grow as contrail ice particles, since the activated soot
particles freeze sooner and scavenge the available water vapor earlier. A
recent study suggests that the contribution of the volatile aerosols to contrail
ice is dependent on the ambient temperature, on the number of soot par-
ticles, as well as on the sizes of the soot primary particles and aggregates™.

If contrail ice particles develop in the exhaust plume, the uptake of
water vapor by ion-mode particles results in a larger activation-mode
located at about 30 nm diameter. The accumulation-mode is found around
80 nm diameter and may result from sulfate aerosol formation in contrail ice
particles that have scavenged vapors and other particles™.

Results

During the Emission and CLimate Impact of alternative Fuels campaign
(ECLIF3) in 2021, we measured the emissions of trace gases, total particles,
and non-volatile particles (nvPM), and the number concentration and size
distribution of contrail ice crystals from modern RQL jet engines in
flight™. We conducted test flights in spring (ECLIF3-1) and fall 2021
(ECLIF3-2). Measurements shown here were performed during three mea-
surement flights in November 2021 (ECLIF3-2). We sampled the emissions
of three different fuels, a HEFA-SPK with a sulfur content of 3 ppm, a
conventional Jet A-1 with a sulfur content of 125 ppm and a blend fuel
(containing 38% HEFA-SPK) with a sulfur content of 505 ppm. The blend
fuel contained a different Jet A-1 with an increased sulfur content, resulting in
a higher sulfur content of the blend fuel compared to the sampled reference

Jet A-1. The fuel composition is summarized in Table 1. With sulfur contents
ranging from 3 to 505 ppm, the selected fuels reflect the composition of both
current fossil-based jet fuels and anticipated SAF, enabling the analysis of the
influence of the FSC under present and future operational conditions.

We measured the emissions of the leading aircraft, an Airbus A350-900
equipped with Rolls-Royce Trent XWB-84 engines, using the German
Aerospace Center (DLR) research aircraft Falcon (see Fig. 2). The sample
inlets for trace gas and aerosol instrumentation are mounted on the center
line of the upper fuselage of the Falcon. Size distribution and number
concentration of ice particles are measured with cloud particle probes
mounted in underwing pods. The CO, measurements were used as a tracer
to calculate the emission indices (EI) to scale the aerosol and ice particle
emissions to the amount of fuel burned, providing a dilution-independent
measure of emission (see Section “Calculation of emissions indices”). The
power setting of the A350-900 engines was characterized by the parameters
T30, which refers to the high-pressure compressor outlet temperature, and
fuel flow (FF). The lubrication oil was vented through a separate outlet,
distinct from the core exhaust, and is therefore expected to have a negligible
influence on the volatile particles. Measurements were conducted both in
the near field about 50-200 m behind the emitting aircraft in non-contrail-
forming conditions as well as in the far field >19 km behind the A350-900
in contrail-forming conditions (see Table S1), whereby the contrail condi-
tions were identified by the temperature difference to Tsa and the measured
ice number concentrations. In the near field, each test point lasted about 45 s
and was repeated at least five times; in the far-field, each test point was
measured for 20 min, with multiple background measurement sequences in
between.

Aerosol number emission indices from fuels with different sulfur
contents

Figure 3a shows the emission index of volatile particles (vPM) and non-
volatile particles sampled during near-field measurements at FL310 (9465 m
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Fig. 3 | Emission indices of volatile particles and
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altitude) at medium T30%. Measurements were conducted in non-contrail-
forming conditions, with atmospheric temperatures above the Schmidt-
Appleman threshold temperature (see Table S1). Aerosols are therefore not
influenced by the formation of ice particles. It is clearly visible that in the
young plume of the RQL combustor the majority of the particles are non-
volatile, presumably mostly soot particles. The number emission index of
nvPM thereby correlates with the aromatic content of the fuel™.

The number of volatile particles correlates with fuel sulfur content, with
combustion of the quasi-sulfur-free HEFA-SPK producing the lowest
number of vPM. The increasing number of volatile particles for the Jet A-1
with a sulfur content of 125 ppm and the blend fuel containing 505 ppm
sulfur could therefore indicate that sulfuric compounds in the exhaust gas
lead to an increased growth of ultrafine volatile aerosol, resulting in more
particles reaching a diameter detectable by condensation particle counters
(CPC). However, the growth of volatile particles might be limited by the low
availability of water vapor resulting from the low RHi and high temperature
in the near-field.

The emission indices of volatile and non-volatile particles in the
far field at 1-3 min contrail age are shown in Fig. 3b and the statistical
significance of the results is listed in Table S2. Those measurements were
taken in contrail-forming conditions at atmospheric temperatures
9.5-10.5 K below the Schmidt-Appleman threshold temperature. Emis-
sions of non-volatile aerosol are comparable to the near field for HEFA-SPK
and Jet A-1 test points. The blend fuel shows increased nvPM numbers
compared to non-contrail-forming conditions in the near field. This
could be caused by contrail ice residuals that were not evaporated in the
thermal denuder (see section “Contrail apparent ice emission indices
from fuels with different sulfur contents”). Also, the measurement uncer-
tainty is increased for the far-field. However, a similar trend of an increasing
number of nvPM in contrails of several minutes age in the contrail dis-
sipation phase has been observed previously with a different measurement
system™. It is therefore also conceivable that the ice phase leads to a pro-
cessing of volatile material that is then no longer vaporized by the thermal
denuder.

The number of volatile particles from test points using Jet A-1 and
HEFA-SPK is increased compared to the near-field sequences. Ion-mode
particles are expected to grow until about an hour after the formation™,
therefore, it is likely that more of these particles now contribute to the
detectable volatile aerosol in the far field. Due to the scatter in the data, the
difference between both fuels is classified as not statistically significant (see
Table S2). While we attempt to provide an explanation for the observations,
comparisons of VPM from the combustion of HEFA-SPK and Jet A-1
should therefore be interpreted cautiously: despite the different sulfur
contents, both fuels produce, within the uncertainty range, a similar amount

of volatile aerosol. This observation is consistent with previous model results
and experiments™”. These suggest that for a sulfur content below about
100 ppm, the number of volatile particles is mainly determined by the
chemiion concentration and the condensation of organic compounds rather
than the fuel sulfur content. Measurements of Jet A-1 were up to 100s
younger, so the volatile aerosol had less time to grow than in the HEFA-SPK
case, which could explain the lower vPM EI for Jet A-1 compared to HEFA-
SPK in the far field.

Particularly striking is the twentyfold increase in volatile particles at
low temperature compared to the near field at warmer temperatures when
using the medium-sulfur blend fuel. In the near field, the growth of volatile
aerosols is restricted due to the shorter development time, higher tem-
perature, and lower relative humidity. As described in the section “Exhaust
particles and contrail formation”, in the far-field, the absorption of water
vapor can lead to the formation of activation-mode as well as accumulation-
mode particles. These particles reach sufficiently large diameters to be
captured by the CPCs and could therefore make a substantial contribution
to the number of detectable volatile aerosol.

In contrast, the observation of a moderate increase in volatile particles
for HEFA-SPK and Jet A-1 indicates that hardly any volatile particles reach
sufficiently large diameters to be detected by the CPCs, and to act as cloud
droplet nuclei, preventing the formation of activation-mode and
accumulation-mode aerosol.

Contrail apparent ice emission indices from fuels with different
sulfur contents

Figure 4a shows the apparent ice emission index (AEI) from the far-field
measurements. The number of contrail ice particles is largely dependent on
relative humidity and temperature difference to Ts,". Ice particles start to
evaporate as soon as the RHi falls below 100%, with the evaporation rate
increasing as the relative humidity decreases. We therefore classify the data
according to the prevailing in-plume RHi at the time of measurement,
acknowledging potential variations in RHi during plume evolution. Mea-
surements burning HEFA-SPK and blend fuel on 25 November 2021 were
performed in contrails of similar age, while contrails of Jet A-1 and HEFA-
SPK on 24 November 2021 were 1-2 min younger. The age difference could
result in a more advanced sublimation of the ice particles in sub-saturated
conditions for the blend fuel compared to HEFA-SPK and Jet A-1 of the first
far-field flight. Due to the scatter caused by the sub-saturated atmospheric
conditions, no statistically significant conclusion can be drawn from the
comparison of Jet A-1 and HEFA-SPK (see section “SM1 Measurement
conditions” in the Supplementary information). Nonetheless, a significant
increase in ice particle numbers can be seen when using the medium-sulfur
blend fuel compared to HEFA-SPK and Jet A-1 at similar RHi.
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of Jet A-1 and HEFA-SPK. b Mean AEI from far-field (95% < RHi < 100%) vs nvPM
emission indices from near-field measurements (squares), including uncertainty
intervals. Differences in engine and combustor operating conditions between the
near and far field can result in increased nvPM emissions in the far field (see the
section “Particle and trace gas measurements”), as reflected by the extended error
bars. Jet A-1 and HEFA-SPK test points from the earlier ECLIF3-1 campaign
measured at supersaturated atmospheric conditions are shown as black and light-
green pentagons, including uncertainty intervals according to Mérk et al. and Dischl
etal. **’. The dashed line represents the 1:1 relationship between AEI and nvPM EL

For Jet A-1 and HEFA-SPK, the apparent ice emission index corre-
sponds, within the uncertainty range, to the emission index of soot particles
from near field with about 5-8 x 10" particles per kg fuel burned (Fig. 4b).
In this regime, the number of ice particles is well correlated to the number of
soot particles. This correlation is evident for the largest RHi, while the
evaporation of ice particles results in a visible decrease in ice particles for RHi
below 95%.

The ice particle number exceeds the number of soot particles when
burning the blend fuel. The mean apparent ice emission index for the
relative humidity range of 95-100% amounts to 1.4 x 10" particles per kg
fuel burned, which is two times larger than the nvPM EI measured in the
near field. With a volatile particle EI of 6 x 10" per kg fuel burned (see
Fig. 3b), about 10% of the volatile particles >5 nm additionally contribute to
the formation of contrail ice particles. These results show that the con-
tribution of volatile aerosol from sulfuric compounds to the formation of
contrail ice particles is very likely for fuel sulfur contents over 500 ppm and
the soot characteristics of the investigated engine and fuel. The number of
ice particles decreases only slightly with decreasing RHi for Jet A-1 and
HEFA-SPK, while the AEI for the blend fuel decreases strongly with relative
humidity. This could indicate that at lower RHi, the ice particles formed on
volatile particles remain smaller due to the limited availability of water vapor
and therefore evaporate faster.

Figure 4b additionally shows AEIs and nvPM EIs from ECLIF 3-1
measurements, which investigated the same aircraft and engine type as in this
study. Far-field AEI data are obtained from Mérkl et al.”* and near-field nvPM
Els are published by Dischl et al.”’. It should be noted that Markl et al.
derived nvPM EIs based on far-field measurements. For both fuels, the
number of soot particles primarily determines the number of contrail ice
particles, with deviations of up to 15% arising from additional, sulfur-related
processes influencing ice nucleation: (1) Ice particle numbers exceed nvPM
numbers from near-field measurements for the Jet A-1 burned during
ECLIF3-1. The Jet A-1 fuel of ECLIF3-1 contained 211 ppm sulfur, indicating
an onset of volatile particle contribution to ice crystal formation for a fuel
sulfur content between 125 and 211 ppm for the probed engine. (2) In
contrast, the AEIs observed for the ECLIF3-1 ultra-low-sulfur HEFA-SPK are
lower than the corresponding nvPM Els. Previous contrail observations at ice
supersaturation®*** also show a reduced number of soot particles acting as CN
and therefore lower contrail ice crystal numbers for low sulfur fuels compared

to high-sulfur fuels. Due to these modulating effects of fuel sulfur on ice crystal
numbers, the use of alternative fuels reduces the number of ice particles
beyond the reduction in soot particle numbers: Measurements during
ECLIF3-1 at supersaturated conditions showed a 35% reduction in soot
particle numbers and a 56% reduction in ice particles numbers burning quasi-
sulfur-free HEFA-SPK compared to a Jet A-1 fuel with 211 ppm sulfur
content™.

Figure 5 shows normalized ice particle size distributions (PSD) of one
representative plume crossing for each fuel measured at an in-plume RHi of
about 95%. In addition to RHi and the temperature difference to Ts,, the
contrail age and the difference between emission and detection altitude Az
should be taken into account when considering ice particle sizes™. Particle
size distributions as a function of plume age and Az are shown in Fig. S1. For
Fig. 5 we selected one representative plume crossing of comparable RHi,
ATsa, Az and plume age to apply log-normal fit functions (see the section
“Particle size distribution”) to the PSD of each fuel. Contrails of measure-
ments burning Jet A-1 were slightly younger and at higher Az, which could
lead to a deviation in the distribution of small ice particles. The maximum of
the size distributions of all fuels is evident at a particle diameter of about
1.6 um, likely caused by nucleation of ice particles on soot. However, in
contrast to the quasi-sulfur-free HEFA-SPK, particle size distributions of Jet
A-1 and blend fuel exhibit an additional, smaller particle mode at about
1 um. For the blend fuel, the maximum number concentration of that small
mode is twice as large compared to that of Jet A-1. The occurrence of the
smaller mode for the Jet A-1 fuel could indicate the onset of ice activation of
volatile particles, which is, however, not yet reflected in increased ice particle
number concentrations.

Modeling of aerosol emissions and contrails

The results demonstrate that the combustion of fuels with medium sulfur
content can lead to an increasing ice activation of volatile aerosols, even with
modern RQL combustors. In-flight measurements can only capture the
limited range of nvPM emissions from the test aircraft; therefore a model is
used to simulate the apparent ice emission indices for the three different
fuels and varying nvPM number emissions. Figure 6 shows the dependence
of the apparent ice emission index on nvPM EI numbers, as simulated by the
Aerosol and Contrail Microphysics (ACM) model (see the section “ACM
model”). For high nvPM emissions exceeding 10" particles per kg of fuel, a
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Fig. 5 | Ice particle size distribution (PSD) of representative contrail crossings
from HEFA-SPK, Jet A-1 and blend fuel. PSDs (gray dots) of a HEFA-SPK, b Jet A-
1, and c blend fuel are normalized with respect to the maximum of the log-normal fit
function of the main mode (blue). Low-sulfur Jet A-1 and medium-sulfur blend fuel
contrail PSDs show two modes, a larger main (blue) and additionally a smaller

secondary particle mode (yellow). The envelope (dashed black) represents the
overall distribution. Ice particles larger than 3 pm have been observed previously™
and can potentially be assigned to ice particles from surrounding cirrus clouds and
larger contrail ice particles.
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Fig. 6 | Dependence of the apparent ice emission index on the nvPM

emission index. Dependence of contrail AEI on nvPM EI (lines) at 100% RHi for the
tested fuels, as simulated by the ACM model. Symbols represent mean AEI from far-
field (95% < RHi < 100%) vs. nvPM emission indices from near-field measurements,
including uncertainty interval. The gray dashed line represents the 1:1 relationship
between AEI and nvPM EL

1:1 dependence is modeled between the number of contrail ice particles and
nvPM for all fuels. For lower nvPM EI, the medium-sulfur blend fuel shows
an increase in ice particles with decreasing nvPM under the given ambient
temperature due to the activation of volatile aerosols acting as additional
condensation nuclei. Therefore, ice particle numbers can exceed soot par-
ticle numbers for this fuel, as observed during the measurements. Reducing
the fuel sulfur content can shift this limit to lower nvPM numbers. For the
low-sulfur Jet A-1, a contribution from volatile aerosols is predicted below
10" non-volatile particles per kg of fuel. A further reduction in sulfur
content close to zero, as for HEFA-SPK, could strongly reduce the con-
tribution of volatile aerosol to ice formation. It is important to note that the
current ACM model does not account for organic compounds”* or
lubrication oil™**. Their contribution could enhance the growth and acti-
vation of volatile particles, which is not considered in the simulations.
Including these compounds may shift the onset of volatile particle activation
to higher nvPM number EI, particularly at low FSC™.

Discussion
For measurements close to the engine exit, we observe a dependence of
volatile aerosol numbers on fuel sulfur content. The medium-sulfur blend

fuel produces the largest number of volatile aerosols, and the ultra-low-
sulfur HEFA-SPK produces the lowest number of volatile aerosols for
measurements below 60% RHi and an air temperature 2 K above Tsa.
During measurements in contrails in colder ambient temperatures
(ATsp = —10K and 70% < RHi < 100%) a significant increase in volatile
particle numbers is observed for the medium-sulfur blend fuel, which is not
detected for either of the other fuels with lower sulfur contents. The
increased sulfur content of the blend fuel likely causes the growth of volatile
aerosol particles, resulting in particle sizes >5nm and therefore large
enough to be measured by the CPCs. Through this growth, the volatile
particles eventually become large enough to serve as cloud droplet nuclei,
leading to the formation of additional contrail ice crystals. While the
number of ice particles for ultra-low-sulfur HEFA-SPK and low-sulfur Jet
A-1 correlates with the number of nvPM, the ice particle number for the
medium-sulfur blend fuel exceeds the number of nvPM by a factor of 2 and
can be explained by the activation of about 10% of volatile particles larger
than 5nm. We observe an increasing influence of FSC on ice particle
numbers for larger RHi. Further measurements are needed to determine
whether this trend continues for RHi >100%, and to what extent the
atmospheric temperature affects the activation of sulfate aerosols as ice
nuclei.

As demonstrated in previous studies®, near-field nvPM emission
indices correlate with the hydrogen and aromatic content of the fuels, with
the low-sulfur Jet A-1 fuel in this study showing the lowest hydrogen and the
highest aromatic content. However, the highest ice particle numbers are
observed for the medium-sulfur blend fuel, indicating that under these
conditions, the ice activation of volatile sulfate aerosols can outweigh the
contribution from soot particles.

The study covers fuel sulfur contents typically found in current and
anticipated future jet fuels. Since the impact of fuel sulfur is strongly
influenced by the number and potentially by the size characteristics of the
soot particles™, it also depends on the engine design. By testing Rolls-Royce
Trent XWB-84 RQL engines, we examined a modern engine with a com-
bustor technology that is widely used in current commercial aviation.
However, flight experiments are inherently limited in the number of fuels,
engine types, combustor designs, and atmospheric conditions that can be
tested, introducing a larger variability than covered by this study. Expanding
the scope through additional in-flight and ground measurements would be
valuable. To address these limitations and broaden the applicability of our
findings, we included model simulations for validation of our measurement
results and extension to a broader range of nvPM number emissions.
Modeling the dependence of ice particle numbers on nvPM EI for the three
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fuels supported the observations: The combustion of fuels with medium
sulfur content leads to the activation of volatile aerosols for engines with
nvPM emissions below 10" particles per kg of fuel, resulting in an increase in
contrail ice particle numbers. For engines with higher nvPM emissions,
nvPM and ice particle numbers scale linearly, which explains why this effect
has not been observed previously for engines that emit more soot particles™.
For low-sulfur fuels, volatile particles are activated at lower nvPM levels.
Emissions of organic compounds and lubrication oil were not included in
the modeling; depending on the emission location and mechanisms, these
compounds could lead to larger volatile aerosols, potentially shifting the
tipping points towards higher nvPM numbers.

When investigating the measured ice particle size distribution, we
observe a main ice crystal mode at 1.6 um for all fuels. The sulfur-containing
Jet A-1 and blend fuels additionally show a smaller mode at 1.0 um. The
origin of this additional mode might be explained by the formation of
volatile cloud droplet nuclei from sulfuric compounds in the aircraft plume.
These volatile particles first have to grow in the plume, while soot particles
are immediately available as ice nuclei. Therefore, the abundance of con-
densable water vapor is larger for droplets forming on soot particles,
explaining the smaller size and number of ice particles forming on volatile
aerosols. Smaller ice particles are also the first to evaporate, which could
explain the equalization of the AEI of the different fuels at low RHi in Fig. 4.

The fuel sulfur content, therefore, influences the number of contrail ice
particles in two different ways: First, the fuel sulfur activates the soot par-
ticles and initiates a liquid coating, leading to an enhanced uptake of water
vapor by the particles. The growth of coated soot particles to contrail ice
crystals correlates with the fuel sulfur and aromatic content”. Previously
observed reductions in ice activation for a low-sulfur semisynthetic
Fischer-Tropsch-based fuel and ultra-low-sulfur SAFs***>* suggest a gen-
eral trend toward reduced ice-nucleating efficiency of soot particles for
ultra-low-sulfur fuels. However, we note that full soot activation can still
occur despite low FSC, suggesting that other factors also influence ice par-
ticle formation. Second, our results show that a fraction of contrail ice
particles from conventional jet fuels with a medium sulfur content of
500 ppm may be caused by volatile aerosols serving as ice nuclei in the cold
and humid aircraft exhaust. Reducing the fuel sulfur content to 125 ppm has
been shown to limit the growth of volatile particles and their activation into
contrail ice particles for the tested engine type. For engines with a higher soot
emission index and larger-sized soot particles, the limit is expected to shift
towards higher fuel sulfur contents™***.

Conclusion and outlook

By reducing the sulfur content of aviation fuels in modern aircraft engines,
the number of contrail ice particles, and thus also the radiative forcing of
contrails, could be strongly reduced. Since sulfur in jet fuels solely originates
from its fossil-derived components, reducing sulfur and aromatic content
either through the use of neat or blended HEFA-SPK, or via hydrotreatment
of fossil jet fuels, has the potential to reduce contrail ice crystal numbers both
by reducing the soot particle numbers and their ice nucleation efficiency, as
well as the activation of volatile particles.

Our results can be used to further develop process models to take into
account the partitioning between sulfur and soot particles and the related
contrail ice formation®. Contrail** and climate models'**** could also be
further developed to take into account the combined effect of sulfur and soot
on contrail ice crystals and the resulting contrail radiative forcing. Our
findings should be further explored through additional observations.

Lean combustion technologies reduce the number of soot particles by
several orders of magnitude®. Hence, hardly any soot particles are available
as nuclei for contrail formation. This could strongly increase the relevance of
volatile aerosols for the formation of contrail ice particles™. A reduction in
FSC also leads to a reduction in volatile aerosol emissions during taxi, take-
off, and landing at the airport on the ground and therefore can have positive
effects on airport air quality”*® and reduce the impact of SO, on public
health®. However, potential adverse effects™, such as sulfate aerosol-
radiation interaction as well as an increase in albedo of low clouds with

increased sulfate aerosol emissions and thereby an enhanced cooling of low-
level clouds®*® must be considered to derive the total climate impact from
the fuel sulfur effects. A comprehensive understanding of these interactions

is crucial for future regulatory frameworks.

Methods

Source aircraft and engines

The source aircraft, an Airbus A350-900 (Reg. F-XWB) was equipped with
two latest-generation Rolls-Royce Trent XWB-84 engines. Since the engines
of the A350-900 can be fed from separate fuel tanks, test flights with up to
three different fuels could be accomplished to ensure comparable atmo-
spheric and engine conditions. As the main parameter for determining the
engine state, the combustor inlet temperature (730) was used. In cruise
conditions at constant altitude, T30 is linearly correlated with the fuel flow
(FF)”. The T30 setting for the measurements corresponds to standard cruise
conditions.

The Trent XWB-84 engine uses a modern rich-burn/quick-quench/
lean-burn (RQL) combustor. Currently, RQL combustors are the most
common combustor type registered in the ICAO engine emissions
database™. RQL combustors employ a fuel-rich primary zone at the front
end of the combustor. Downstream of the primary zone, the additional air
required to complete the combustion process and reduce the gas tem-
perature (quench) is injected to reach fuel-lean conditions at the combustor
exit™”’.

Fuel characteristics

During the flight tests, three different fuels were used: A conventional Jet A-
1, a 38:62 blend of HEFA-SPK and conventional Jet A-1, and a 100 %
HEFA-SPK SAF. Sustainable aviation fuels and blending of conventional jet
fuel with SAF will become increasingly relevant in the future. The European
Union plans a mandatory quota for sustainable aviation fuels up to 270%
SAF by 2050"" to comply with current climate targets. According to the
strategy of the US Federal Aviation Administration (FAA), the US fuel
industry is required to produce at least 3 billion gallons of SAF per year by
2030, and by 2050 100% of aviation fuel demand should be covered
by SAF”.

Most of the current pathways to produce SAF lead to an aromatic-free
fuel. Therefore, these sustainable aviation fuels currently need to be blended
with conventional jet fuel to reach a minimum aromatic content of 8% by
volume, which is considered to be the limit for drop-in fuels in current fuel
specifications.

The conventional Jet A-1 fuel was provided by the local fuel supplier
TotalEnergies at the Airbus site at Toulouse Blagnac airport. HEFA-SPK
and the blend fuel were supplied by Neste Corporation; the blend fuel,
therefore, did not contain the sampled Jet A-1, but was provided separately.
Selected fuel properties are shown in Table 1. Fuel samples were collected
from the aircraft tanks prior to the flights and analyzed according to ASTM
standards ASTM3701 (hydrogen content), ASTM D5453 (sulfur content),
and ASTM D6379 (aromatic content). The carbon content refers to the
difference between 100% and the hydrogen and sulfur content. Compared
to the global average Jet A-1, the sulfur content of the blend fuel is slightly
larger, while the sampled Jet A-1 shows a decreased sulfur content. Natu-
rally, HEFA-SPK contains no sulfur. Contamination during the supply
chain or in the aircraft tank results in a low sulfur content of 3 ppm for the
sampled HEFA-SPK.

Particle and trace gas measurements
The DLR research aircraft Dassault Falcon 20-E5 (Reg. D-CMET) was
equipped with a comprehensive payload for measuring trace gases, aerosols,
and ice particles. Aerosol and trace gas instruments received their sample air
through inlets located at the upper fuselage in the center line of the aircraft.
The CO, concentration was measured with a non-dispersive infrared
gas analyzer Licor-7000 (LI-COR Inc., Lincoln, NE, USA) and with a
wavelength-scanned cavity ring-down spectrometer (CRDS, Picarro
G2401-m, Picarro Inc., Santa Clara, CA, USA)™.
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Aerosol instrumentation includes five butanol-based condensation
particle counters (CPC) measuring the number concentration of total
particles with a lower 50% detection efficiency diameter (Dsy) of 5 nm and
non-volatile particles with a Ds, of 14 nm™. The number of volatile particles
is determined by subtracting nvPM from the total particle numbers. The
particle counters are based on TSI CPC model 3010 (TSI Inc., Minneapolis,
USA) that have been modified for aircraft use in low-pressure environ-
ments. The non-volatile fraction is determined by sampling behind a
thermodenuder set to 250 °C to remove all volatile particles from the sample
stream. The particle measurements were calibrated with regard to
decreasing counting efficiency in low-pressure environments, inlet line
losses, and losses in the thermodenuder”. The high flight velocity leads to
sub-isokinetic sampling when measuring in contrail-forming conditions,
resulting in ice particle enrichment in the inlet”. The enrichment is
dependent on the particle size, with enrichment factors ranging from 1.2 to
1.3 for ice particle sizes between 1 and 2 pum. Since the fraction of particles
enclosed in ice crystals can vary considerably between different aerosol
species and would only be an estimate, no correction for the inlet enrich-
ment was applied to particle numbers. The uncertainty of the particle
measurements is 7-13% for an air pressure between 250 and 350 hPa,
arising mainly from uncertainty of the low-pressure correction functions™.

Differences between measurement conditions in the near and far field
can result in increased nvPM emissions in the far field, attributed to different
engine and combustor operating conditions. Modeling particle numbers
using the MEEM model” results in an approximate 20% increase in nvPM
El in the far field, covered by extended error bars in Figs. 4b and 6.

Ice particle size and number are measured using a cloud and aerosol
spectrometer (CAS)”. Ice particle numbers are additionally measured using
a cloud, aerosol, and precipitation spectrometer (CAPS). The instruments
operate with a A =658 nm laser. Forward-scattered laser light indicates
information on ice particle size distribution and number concentration. The
CAS covers a particle size range of 0.66-41 um and CAPS covers a particle
size range of 0.5-51 pm, therefore covering ice particle sizes typically
observed in contrails. CAS (CAPS) is mounted on the port-side (starboard)
inner-underwing position, resulting in a horizontal distance of ~2.7 mand a
vertical distance of about 2.8 m between cloud particle probes and aerosol or
trace gas inlet, and a horizontal distance of about 5.3 m between the two
cloud particle probes.

Atmospheric cruise conditions
Aircraft particle emissions were measured in the near field and in the far
field along the French Atlantic coast at flight altitudes between 9400 and
9800 m. Near-field measurements were conducted about 50-200 m (plume
age of about 0.5-2s) behind the source aircraft in order to probe the
unprocessed particle and trace gas emissions in non-contrail-forming
conditions. Therefore, during the near-field test flight, the air temperature
was 2 K above T, and at low RHi below 60% to prevent the formation of
contrail ice crystals that could lead to the processing of aerosol particles
through the contrail ice. Aerosol and ice particles in fully developed contrails
were sampled in the far field at a distance between 11 and 80 km (plume age
of about 50-300 s) behind the A350-900 at air temperatures 9-11 K below
Tsa and RHi of 70-100%. Sub-saturated conditions lead to evaporation of
the contrail ice. It is therefore important to compare measurements at
similar RHi and contrail age. Information on RHi is only available for the
time of the measurements. Deviations prior to the measurement time could
impact the development of aerosols and ice crystals, leading to an increased
uncertainty in the number concentrations of the humidity bins.

Further information on ambient conditions and engine settings is
provided in Table S1.

Calculation of the Schmidt-Appleman threshold temperature

The Schmidt-Appleman threshold temperature Ts, defines the ambient air
temperature below which water vapor condenses in the aircraft plume,
enabling the formation of contrail ice particles. The temperature was cal-
culated following an approach by U. Schumann’; a detailed description of

the calculation approach is provided by Dischl et al.”®. For ambient tem-
perature and pressure, measurements from the A350 were used, with an
uncertainty of 0.5K and 0.5hPa, respectively. Water vapor data was
obtained from the airborne mass spectrometer AIMS” with an uncertainty
of 8-12% in water vapor mixing ratio. Overall, this yields an uncertainty in
Tsa of about 0.2 K for the ambient conditions during the measurements (see
Table S1).

Calculation of emissions indices

To account for inhomogeneities in the plume and mixing of exhaust air with
ambient air, particle concentrations are analyzed using the emission index
(ED). Since contrail ice particles are not directly emitted by the engines, but
develop subsequently in the exhaust plume, the term apparent ice particle
emission index (AEI) is used for ice particle data. CO, measurements were
used as a tracer to calculate the emission indices to scale aerosol and ice
particle numbers to the amount of fuel burned, providing a dilution-
independent measure of emission:

RT AN

(AJEL = p  (M(C)+ aM(H)) - ACO,

)

where R is the ideal gas constant, T and p are standard temperature
(273.15K) and pressure (1013.25 hPa), « is the hydrogen-to-carbon molar
ratio of the fuel, M(C) and M(H) are the molar masses of carbon and
hydrogen, ACO, and AN are the background-subtracted peak areas of the
recorded concentrations of CO, and (ice) particles at standard conditions
during a plume encounter sequence. The emissions index has the unit
number of (ice) particles per kg of fuel burned. The uncertainty of the
emission index can be calculated using Gaussian error propagation

A(A)EL =
2 2 2
\/ <—d$1)EI> (Ar2 + Abg2) + (t(ggil> (ACO§ + Abgzcoz) + (d(ilm Aa)

@

comprising the uncertainty of the particle measurements A, of 7-13% for
an air pressure of 250-350 hPa arising from uncertainties of the correction
functions®, the uncertainty of the hydrogen-to-carbon molar ratio of the
fuel Axx 0f 0.1%, the measurement uncertainty of the CO, instrumentation of
0.2 ppmv and the standard deviation of the CO, background Abg., of
0.1-0.2 ppmv, as well as the standard deviation of the particle backgrotzmd
Abg, of 5-10%. Due to the strong signal enhancements observed in trace
gases and aerosol concentrations during near-field plume encounters, the
particle measurement uncertainty is the dominant contributor to the
absolute uncertainty, resulting in a AEI of about 10%. In the far field, plume
signals are more diluted and less distinguishable from the background,
resulting in a higher mean AEI of 18%, occasionally reaching up to 30%, but
remaining well below the magnitude of the observed effects. The uncertainty
of the AEI amounts to 24-33%".

Particle size distribution
Two main modes of the apparent ice particle emission index distributions
with particle size were fitted using a log-normal function of the form

B LGN N

2no 202

d(AEI)

dllog(D,)]

where AEI is the apparent ice emission index, #,, is the total ice particle
number in the respective size bin with mean particle diameter D, D, is the
geometric mean diameter of the distribution and o is a fit coefficient related
to the distribution width. To compare size ratios independent of absolute
particle numbers, PSDs are normalized with respect to the maximum of the
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Table 2 | Fit parameters including uncertainty of PSDs shown in Fig. 5

HEFA-SPK Blend fuel Blend fuel Jet A-1 Jet A-1

Main mode Main mode Secondary mode Main mode Secondary mode
log(Dg) 0.501 +0.003 0.535+0.001 0.18+0.08 0.5303 + 0.0004 0.20+£0.12
o 0.112+0.004 0.111 +£0.005 0.27 £0.04 0.102 £ 0.004 0.22+0.04

Table 3| Measurement conditions during plume encounters of
PSDs shown in Fig. 5

Ultra-low-sulfur Low-sulfur Medium-sulfur
HEFA-SPK Jet A-1 blend fuel
Contrail age (s) 270 124 234
Ambient 94 94 95
RHi (%)
ATsa (K) -9.8 -9.6 -10.3
Az (m) —49 -10 —45

fitted distribution. Fit parameters for PSDs of the main mode (blue) and the
secondary mode (yellow), shown in Fig. 5, are listed in Table 2. Besides
engine and fuel parameters, contrail ice particle sizes are mainly dependent
on the atmospheric air temperature in terms of ATg,, the relative humidity
over ice, and the difference between detection altitude and emission altitude
Az”. In Fig. 5, we therefore selected a representative plume crossing with
comparable parameters for each fuel to ensure comparability of the PSD
between the fuels (see Table 3). Measurements of burning Jet A-1 were
performed in a slightly younger contrail with higher Az, which could lead to
a decrease in small ice particles™.

ACM model

The aerosol and contrail microphysics model (ACM)™ is a parcel model
simulating the aerosol microphysics, including kinetic nucleation” and contrail
microphysics™ in jet plumes. The model comprises three main aerosol types:
soot particles, nucleated sulfuric acid particles, and background aerosols, cov-
ering dry particle diameters from 0.55 nm to 15 um. The size distribution of
soot particles (aggregates) is assumed to be log-normal, with a median diameter
of 35 nm and a standard deviation of 1.6. The ratio of the sizes of primary soot
particles to the effective sizes of soot aggregates is assumed to be 0.41*". For the
simulations, temperatures were set to match the measurement conditions, as
detailed in Table S1. For HEFA-SPK, the flight on 25 November 2021 was used
as a reference. The RHi was set to 100.5%. The simulations correspond to ice
particles of an ~150-s-old contrail. The model accounts for the coalescence of
inactivated aerosols with activated particles and incorporates the competition
for water vapor among both liquid and ice-phase particles. Sulfuric acid par-
ticles are classified into neutral, positively charged, and negatively charged
clusters or particles. The concentration of chemiions at the engine exit is
assumed to be 10° cm™, and the effect of ions/charges on the formation and
growth of volatile particles is considered. Scavenging of sulfuric acid by soot and
background aerosols, as well as liquid and ice-phase contrail particles, is
explicitly tracked, distinguishing between direct condensation of H,SO, and
the coagulation of sulfuric acid particles with other aerosols or activated contrail
particles. Organic compounds and lubrication oil are not yet considered. The
plume dilution ratio was determined using a parameterization based on ref. 79.
The ACM model has been documented in greater detail in earlier work™.

Data availability

Number concentration time series, emission indices, and particle size dis-
tributions shown in this study are collected in the DLR data repository at
https://halo-db.pa.op.dlr.de/mission/129(https://doi.org/10.17616/
R39Q0T)**.
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