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Abstract. In order to reduce aviation’s CO2 emissions and comply with current climate targets, the European Union plans a

mandatory quota of 2 % sustainable aviation fuel (SAF) by 2025, rising up to ≥ 70 % SAF by 2050. In addition to a reduction

of life cycle CO2-emissions the use of SAF can also have a positive impact on particle emissions and contrail properties. In this

study we present observations from the ECLIF3 (Emission and CLimate Impact of alternative Fuels) aircraft campaign, which

investigated exhaust and contrail characteristics of an Airbus A350-941 equipped with Rolls-Royce Trent XWB-84 engines.5

For the first time, non-volatile and total particle emissions of 100 % HEFA-SPK (Hydro-processed Esters and Fatty Acids -

Synthetic Paraffinic Kerosene) SAF, a blended fuel and a reference Jet A-1 were measured in flight. A maximum reduction in

non-volatile particle number emissions of ∼41 % compared to the reference Jet A-1 fuel was measured at low cruise engine

power settings when using 100 % HEFA-SPK. The reduction decreases to ∼29 % for typical cruise engine settings and to

∼22 % at high cruise engine power settings. The size of non-volatile particles was slightly smaller for HEFA-SPK compared10

to Jet A-1. We show a comprehensive analysis of the hydrogen content of globally available fuels. Our results demonstrate the

impact of the fuel composition in terms of its aromatic, hydrogen and sulfur content as well as of the effect of engine power

settings on particle emissions. We demonstrate that the use of HEFA-SPK can significantly reduce particle emissions and thus

contrail ice particles, and therefore can provide an aviation climate benefit.

1 Introduction15

With an effective radiative forcing of 100.9mW m−2 in 2018, about 3.5 % of global anthropogenic radiative forcing is caused

by global aviation. The emission of CO2, NOx and the formation of contrail cirrus account for the major share of the net
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warming impact (Lee et al., 2021). Contrail cirrus generate the largest warming impact (∼57.4mW m−2 in 2018) due to the

trapping of outgoing long-wave radiation, followed by CO2 (34.3mW m−2) and NOx emissions (17.5mW m−2). Unlike CO2,

which has an atmospheric residence time of centuries, contrail cirrus have a lifetime of several hours (Vázquez-Navarro et al.,20

2015; Bier et al., 2017). Reducing or avoiding contrail induced clouds could therefore reduce the radiative forcing
:::
(RF)

:
of

aviation on short time scales.

Contrails are formed when warm exhaust air is cooled down to cold atmospheric air temperatures at cruise altitude (Schumann,

1996). When liquid saturation is reached in the plume, water vapor from exhaust condenses on emitted or pre-existing atmo-

spheric aerosol particles forming droplets which immediately freeze to ice particles. In case of soot-rich combustion from past25

and current combustor technologies, the main fraction of water droplets condenses on soot particles produced during combus-

tion (Heymsfield et al., 2010; Kärcher, 2018; Kleine et al., 2018). If the air mass remains supersaturated with respect to ice,

contrails may continue to grow and spread, forming extended contrail cirrus on regional scales (Voigt et al., 2011; Minnis et al.,

2013; Schumann et al., 2017; Voigt et al., 2017; Chauvigné et al., 2018; Wang et al., 2023).

Several approaches are pursued to reduce the impact of aviation on global warming. On long-term time scales, hydrogen pow-30

ered engines could be a promising option. However, these technologies will not be available for commercial use for a long time

because they face several challenges, particularly related to fuel storage and airport infrastructure (Hoelzen et al., 2022).

On a short to mid-term time scale, technologies are needed that are feasible with the current aircraft fleet and airport infras-

tructure (drop-in solutions). Since less than 10 % of flights are responsible for about 80 % of the RF caused by contrails (Teoh

et al., 2020a, 2022a), rerouting of such flights or targeted use of sustainable aviation fuels (SAF) could be a promising option35

(Teoh et al., 2022b).

The most prominent commercially available SAF is currently HEFA-SPK (Hydroprocessed Esters and Fatty Acids Synthetic

Paraffinic Kerosene). During the combustion of HEFA, no fossil CO2 is released, which reduces the life-cycle greenhouse-gas

emissions by up to 84 % (ICAO, 2023a; Prussi et al., 2021). Furthermore, it is nearly free of aromatics and sulfuric compounds,

which can have a positive effect on contrail properties
::::::
leading

::
to

::
a
:::::::
reduced

:::::::
radiative

:::::::
forcing (Voigt et al., 2021; Märkl et al.,40

2024).

The dominating constituent of contrail formation on engine exhaust are soot particles as they are emitted in large numbers and

are sufficiently large to
::::
serve

:::
as

:::::::::::
condensation

:::::
nuclei

::::
that

:::
can

:
be readily activated as seed droplets for ice formation (Kärcher

et al., 2015; Burkhardt et al., 2018). As shown in laboratory tests and engine tests, fuels with a higher hydrogen content, such

as blends of HEFA-SPK and Jet A-1, produce less soot during combustion (Lobo et al., 2011; Beyersdorf et al., 2104). Ground45

experiments investigating soot emissions from sustainable aviation fuels as well as in-flight measurements with HEFA-SPK

blends (up to 50 % blending ratio) have already demonstrated the reduction potential of SAF concerning soot formation and the

associated formation of contrail ice particles (Schripp et al., 2018; Moore et al., 2015, 2017; Tran et al., 2020). For example,

Moore et al. (2017) have shown that biofuel blending can reduce soot number emissions in flight by 25 % for high cruise

power settings and by 50 % for low to medium cruise power settings. Comparable and slightly larger reductions in contrail50

ice particles have been observed by Voigt et al. (2021) and Bräuer et al. (2021). It is to be noted that these campaigns were

performed with old generation engines
::::::
engines

:::::
from

:::::::
previous

::::::::::
generations, and therefore with different engine performance
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parameters compared to modern engines, which can influence the observed reductions. Slightly larger reductions in contrail

ice crystals (Voigt et al., 2021) may point to an additional role of sulfur in contrail ice crystal formation. Global models show

that reductions in contrail ice particle number
:::::::::::
concentration

:
by 41 % can reduce contrail radiative forcing (CRF) by 15 %.55

The CRF reduction increases to 59 % for 84 % ice crystals reduction (Bier and Burkhardt, 2022). Another model study of the

effects of low aromatic fuels with increased hydrogen content in emissions and contrails for air traffic in the Northern Atlantic

flight corridor (Teoh et al., 2022b) suggests that a stepwise increase in SAF blending ratio leads to a reduction in soot particle

emission, a slight increase in the prevalence of contrail formation, a reduction in ice crystal number concentration and contrail

optical thickness, a reduction in contrail cloud cover and therefore a reduction in the climate impact of contrails. For 100 %60

SAF, Teoh et al. (2022a) simulate a 44 % change in radiative forcing from contrails. Märkl et al. (2024) found a 56 % decrease

in ice particle number from the combustion of 100% HEFA
::::::::::
HEFA-SPK compared to a reference Jet A-1 during a case study on

the ECLIF3 measurements. From that, they estimated a decrease in CRF of 26 % on a global scale. While each study suggest

a climate benefit when using SAF, the estimate of the actual change in contrail forcing by reduced soot emissions is uncertain

(Burkhardt et al., 2018).65

So far, hardly any in-flight measurements have been carried out to investigate the impact of the combustion of more than 50 %

HEFA-SPK on trace gas and aerosol emissions as well as on contrail properties. This is due to the fact that there is a regulatory

lower limit for the aromatic content of the resulting blend fuel of 8 % by volume
::
to

::::
keep

:::
the

::::::::
elastomer

::::
seals

:::::::
swollen

:::
and

:::::::
prevent

:::
fuel

:::::
from

::::::
leaking. It was therefore the aim of the ECLIF3 (Emission and CLimate Impact of alternative Fuels) campaign to

sample the effects of using up to 100 % HEFA-SPK on the large passenger aircraft A350 with Rolls-Royce engines for the first70

time and investigate the influence of varying cruise engine power settings. This project was realized in collaboration with the

German Aerospace Center (DLR), Airbus, Rolls-Royce, Neste, NRC Canada and the University of Manchester and involved

major certification and testing efforts. While this paper focuses on the non-volatile and total particle number emissions captured

:::::::
sampled during the in-flight measurements, results regarding NOx emissions and contrail formation are discussed elsewhere

(Märkl et al., 2024; Harlass et al., 2024)
::::::::::::::::::::::::::::::::
(Harlass et al., 2024; Märkl et al., 2024).75
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Table 1. Chase flight missions behind the A350-941

Date Area Mission Objective Falcon Flight Time

10 April Mediterranean Contrails 4:10

14 April Mediterranean Emissions 4:10

16 April Mediterranean Emissions, Contrails 4:10

06 Nov Mediterranean Emissions 4:10

19 Nov Bordeaux, Atlantic Emissions 6:05

24 Nov Bordeaux, Atlantic Contrails 3:00

25 Nov Bordeaux, Atlantic Contrails 4:00

27 Nov Bordeaux, Atlantic Emissions, Contrails 4:00

29 Nov Bordeaux, Atlantic Emissions 4:10

2 Experiment and instrumentation

2.1 The ECLIF3 campaign

Figure 1. Flight tracks of the chase flights during the ECLIF3 campaign in April and November 2021. Emission measurement flights are

marked blue, contrail flights in purple
::
red and flight missions covering both objectives are marked yellow.

Measurement data has been collected as part of the ECLIF3 campaign (Emission and CLimate Impact of alternative Fuels)

taking place in April 2021 (ECLIF3-1) and November 2021 (ECLIF3-2). The aim of the flight experiments was to characterise

the influence of the combustion of three different jet fuels and different engine power settings on soot properties, contrail80

ice particles and trace gas emissions.
::
An

::::::
Airbus

:::::::::
A350-941

:::::
(Reg.

::::::::
F-XWB)

::::
with

::::::::::
Rolls-Royce

:::::
Trent

::::::::
XWB-84

:::::::
engines

::::::
served

::
as

::::::
source

:::::::
aircraft. For the first time, in-flight measurements of contrails and emissions burning 100 % HEFA-SPK on both

engines have been performed. An Airbus A350-941 (Reg. F-XWB) with Rolls-Royce Trent XWB-84 engines served as source
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Table 2. Selected properties of the fuels burned by the A350 during the test sequences. Fuel properties were analyzed according to

ASTM standards. Additionally, aromatics, iso-paraffins, n-paraffins,
:::::::::::::

mono-aromatics and naphthalene
:::::::::

di-aromatics content were evaluated

by GCxGC
::::::
GCxGC

:
gas chromatography. The carbon content refers to the difference between 100 % and hydrogen and sulfur content.

::::
Some

:::::::
ECLIF3-1

::::
fuel

:::
data

:::
has

::::
been

:::::
revised

::::::::
compared

::
to

::::::::::::::
Märkl et al. (2024).

::::
Fuel

::::::
samples

::::
were

:::::::
collected

::::
from

:::
the

:::::
aircraft

::::
tank

::::
prior

::
to

::
the

::::::
flights.

:::::::
*Samples

:::
for

::::::
GCxGC

::::::
analysis

::
of
::::::::

ECLIF3-2
:::::::::

HEFA-SPK
::::

fuel
::::
were

:::::::
collected

:::::
during

::::::
loading

::
of

:::
the

:::
ISO

::::::::
container. World average fuel data

were obtained from the CRC world fuel survey (Hadaller and Johnson, 2006).

Fuel ECLIF3-1 ECLIF3-1 ECLIF3-2 ECLIF3-2 ECLIF3-2 Jet A-1

Jet A-1 HEFA-SPK Jet A-1 HEFA-SPK Blend world average

Hydrogen content (mass%) (ASTM D3701) 14.08 15.11 14.25 15.18 14.39 13.89

Carbon content (mass%) 85.90 84.89 85.74 84.82 85.56 N/A

Sulfur content (mass%) (ASTM D5453) 0.0211 0.0007 0.0125 0.0003 0.0505 0.0460

Naphthalene content (vol%) (ASTM D1840) 0.35 <0.08 0.50 <0.08 0.58 1.2

GCxGC (mass%)N/A 0.002 N/A 0.06 N/A N/A Aromatics (vol%) (ASTM D6379) 13.4 N/A 13.4 <0.1 10.8 19.2

GCxGC
::::::
GCxGC

:::::::
(mass%)

:::::::::::
Iso-paraffins

:
(mass%) N/A

:::
27.2 0.41

:::
95.5

:::
29.8

: ::::
95.8*

: :::
57.6

:
N/A

::::::::::
N-paraffins

:::::::
(mass%) 0.62 N/A

::
3.3

: :::
23.2

: :::
3.1*

: :::
13.1

:
N/A

iso-paraffins
:::::::::::::

Mono-aromatics
:
(mass%) (GCxGC ) 27.2

:::
N/A 95.4

:::
0.41 29.8

:::
14.4 95.8

::::
0.02* 57.6

::::
10.33 N/A

n-paraffins
::::::::::::

Di-aromatics (mass%) (GCxGC ) 50.8
:::
N/A 3.3

:
0 23.2

::
0.9

:
3.1

::
0* 13.1

::
0.8

:
N/A

Density at 30°C (g cm−3) 0.7800 0.7618 0.7767 0.7608 0.7781 N/A

aircraft. For operational reasons, the right engine (Engine Serial Number 21004) was replaced by another engine (Engine Serial

Number 21012) of the same type between April and November 2021.
:
In

:::::::
addition

::
to

:::
the

:::::::
replaced

:::::::
engine,

:::
the

::::
fuels

::::
were

:::::::
slightly85

:::::::
different

:::::::
between

:::::::::
ECLIF3-1

:::
and

:::::::::
ECLIF3-2

::::
(see

::::
Table

:::
2).

:

As main parameter for determining the engine state, the combustor inlet temperature (
::::::::
commonly

::::::::::
designated

::
as

:::
T3

::
or

:
T30)

was used, which is defined as the temperature at the outlet of the high pressure
:::::::::::
high-pressure

:
compressor and prior to the

combustion chamber. The corresponding pressure at the combustor inlet is
::::::::::
accordingly referred to as P30. In situ in-flight

measurements were performed with the DLR-operated research aircraft Dassault Falcon 20-E5 (Reg. D-CMET). The Falcon90

is equipped with a comprehensive payload for measurements of trace gases and particle emissions as well as cloud particle

formation of the source aircraft exhaust plume. A total of 9 measurement flights were conducted in extended racetrack patterns

in special traffic restricted areas along the French Mediterranean coast and the Atlantic coast west of Bordeaux (see Table 1,

Fig. 1).

Contrails were generally measured in the far-field at > 5 nautical miles distance to the A350. Emission measurements,95

which are the focus of this work, were captured in the near-field about 100-200m (< 1s) behind the A350 in test areas where

comparatively high ambient air temperatures and low humidities prevented the formation of contrail ice particles in order to

measure the unprocessed emissions of the source aircraft. The right engine was studied and operated at typical cruise T30,

while the other engine was operated at variable thrust to keep the airspeed of the A350 within the range of the Falcon’s speed
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performance. Near-field measurements were taken directly behind the right engine to exclusively capture the emissions of this100

engine. The dedicated flight test instrumentation on the A350 permitted the targeting of specific combustor inlet temperatures

T30, at a given Mach number and altitude. The engine conditions were kept constant during individual measurement sequences

typically lasting 10-20 minutes, depending on measurement conditions, defining different test points.

During the measurements, a conventional Jet A-1 fuel from the local supplier at Toulouse Blagnac airport (TotalEnergies) was

probed. This fuel was used as a reference for the measurements using 100 % HEFA-SPK and a 38 % blend of HEFA-SPK and105

Jet A-1 fuel, both supplied by Neste Corporation. The blend fuel was sampled during ECLIF3-2 only. It was composed of

the HEFA
:::::::::
HEFA-SPK

:
sampled during ECLIF3-2, but a different Jet A-1 with a higher naphthalene and sulfur content. Since

the engines of the A350 can be fed from separate tanks, test points with three different fuels could be accomplished within a

single flight to ensure comparable atmospheric and engine conditions. The properties of the fuels varied slightly between the

two mission phases of the campaign. Selected fuel properties are shown in Table 2. Both HEFA-SPK show a high content of110

iso-paraffins in relation to n-paraffins, which
:
.
::::
This

:::::::
property

:
could slightly increase the formation of soot particles (Kathrotia

and Riedel, 2020). Compared to the global average Jet A-1 fuel, the reference fuels of ECLIF3-1 and ECLIF3-2 show a high

hydrogen content, which is linked to a lower carbon content as well as a reduced aromatic and naphthalene content.

Figure 2 visually communicates a comparison of the hydrogen content in different types of fuels: Conventional fuels, HEFA

:::::::::
HEFA-SPK

:
blends, and HEFA-SPK. The figure is designed in a tabular format with three rows, each representing a different115

fuel type. The first row pertains to conventional fuels, represented by data compiled from 91 different fuels included in the

CRC World survey of 2006 and various DLR (German Aerospace Center) research projects.

Figure 2. Hydrogen content of the fuels used during the ECLIF3 campaign
::::::::
(hexagons)

:
compared to world average fuel data

:::::::::::::
(box-and-whisker

:::::::
symbols) from the SimFuel platform. Both conventional Jet A-1 used during the campaign show a higher hydrogen content, the HEFA-SPK

show a lower hydrogen content and the blend fuel an average hydrogen content compared to average fuels of the same type. The box in the

plot extends from the first quartile to the third quartile of the data, with an orange line indicating the median. The whiskers extend from the

box to the furthest data point that falls within 1.5 times the inter-quartile range. Any data points beyond the end of the whiskers are marked

as empty circles, indicating outliers.

The second row represents HEFA
::::::::::
HEFA-SPK blends, for which the figure includes data from 9 fuels, all from DLR research

projects. These fuels include HEFA-SPK that is blended either with synthetic aromatic components, conventional kerosene or
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both. The third row is dedicated to HEFA-SPK, and it includes data from 17 fuels from DLR research projects. It should be120

noted that the dataset for HEFA-SPK and its blends is quite small compared to that of the conventional fuel type. The figure

underscores that both instances of Jet A-1 used in the measurement campaign had a higher hydrogen content relative to the

global average of the available conventional fuels. In contrast, the pure HEFA-SPK had a relatively low hydrogen content

compared to other HEFA-SPKs. The HEFA
::::::::::
HEFA-SPK blend is positioned in the upper section of the box, just slightly below

the median.125

Besides, the sulfur content of both Jet A-1 is reduced compared to the global average, underscoring that our reference fuel

is rather on the clean side of the typical fuel properties spectrum regarding its hydrogen content. Naturally, HEFA-SPK does

not contain sulfur. However, residual fuel may remain in tanks and pipelines in the supply chain and the aircraft fuel system,

resulting in low sulfur levels
::
of

::::::::::::::
0.0003-0.0007 %

:::
by

::::
mass

:
in the test fuels

:::
(see

:::::
Table

:::
2).

2.2 Aerosol and trace gas measurements130

The instrumentation of the DLR research aircraft Falcon consisted of several cabin-mounted aerosol particle and trace gas

instruments, which sample ambient air through inlets located on the upper fuselage in the center line of the aircraft. These

instruments were used to detect
::
the

:::::::
particle

:::::::
number

:::::::::::
concentration

::
of

:
total particulate matter (totPM), non-volatile particulate

matter (nvPM), the sum of NOx and all reactive nitrogen species (NOy), CO2, CO as well as H2O. To measure ice particles in

ambient atmospheric conditions, two cloud particle probes were mounted in the inner underwing pods. This study focuses on135

the aerosol measurements. Results regarding NOy and contrails can be found in accompanying publications.

The aerosol instrumentation for ECLIF3 included a set of five butanol-based condensation particle counters (CPC) (Feldpausch

et al., 2006; Kleine, 2019; Voigt et al., 2021) sampling from a forward-facing isokinetic aerosol inlet. The particle counters are

based on TSI CPC model 3010 and 3768a (TSI Inc, Minneapolis, USA) that have been modified for aircraft use in low pressure

environments. Three of the CPCs were sampling through the heated inlet line of a thermal denuder at 250◦C to characterise140

the
::::::
number

::::::::::::
concentration

::
of

:
non-volatile fraction of particulate matter (nvPM), the other two counters were sampling total

aerosol
:::
the

::::
total

:::::::
particle

::::::
number

::::::::::::
concentration

:
(totPM). To obtain size information of the particulates, the particle counters

were operated at different lower cut-offs (D50 - referring to the diameter of 50 % detection efficiency, e.g. Mertes et al 1996).

The D50 of the totPM were set to 5 nm and 10 nm by adjusting the temperature difference between saturator and condenser.

One of the nvPM counters was set to a D50 of 14 nm, the other two were operated with diffusion screen separators in the inlet145

lines to achieve larger cut-off values of ∼30 and ∼90 nm (see Feldpausch et al. (2006) for details of the setup). The cut-off

diameters were characterised and validated in laboratory measurements at low pressure with Ag aerosol against a Faraday

Cup Electrometer (GRIMM Aerosol Technik, Ainring, Germany) as reference. In addition, the detection efficiency of the

particle counters at low inlet pressure was determined in the laboratory to derive a pressure-dependent correction function

which was applied to the airborne measurements (see App. A). Unfortunately, the totPM particle counter
:::
TSI

:::::
3768a

:
with150

D50= 10 nm showed a leak during the second part of the campaign such that no data is available for this size for the second

campaign. Therefore, our analysis of totPM is based on the 5 nm-counter. In addition,
::::::
Further

::::::
details

::
on

:::::
CPC

:::::::::
calibration,

::::
e.g.

the correction of inlet line losses
:
,
:::
and

:::::::::
uncertainty

:::::::
analysis

:
is given in App. A.
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Figure 3. Timeline of the second emission flight during ECLIF3-2 on 19 November 2021 over the Atlantic. The top row shows the number

concentration of total particles larger than 5nm (light blue) and non-volatile particles larger than 14nm (dark blue) at standard temperature

and pressure, the second panel shows trace gas concentrations of CO2 (blue) and NOy (green), the third row shows the timeline of the water

vapor concentration and the bottom panel shows the ambient temperature and the altitude of the research aircraft. During the peak sequences

of the timelines the Falcon was located within the plume about 100-200m behind the A350.

Instrumentation for CO2 measurements comprised a cabin-mounted high frequency (≈10 Hz) non-dispersive infrared gas

analyzer Licor-7000 (LI-COR Inc., Lincoln, NE, USA) used for in-plume and background detection. The accuracy of the155

CO2 measurement amounts to around 0.2ppm and is independent of measured mixing ratios. A slower (≈0.3 Hz) but more

stable wavelength-scanned cavity ring-down spectrometer (CRDS, Picarro G2401-m, Picarro Inc., Santa Clara, USA) was used

for atmospheric background and absolute mixing ratio detection. The accuracy of the Picarro G2401-m ranges between 0.5

and 740ppb (avg. 55ppb), depending on the stability of the optical cavity pressure. Trace gas instruments were calibrated

repeatedly with commercial gas standards during the campaign. Trace gas detectors, as the aerosol detectors, obtain their160

sample air through inlets on the center line of the upper fuselage (Harlass et al., 2024).

Fig. 3 shows an example of a time series of aerosol and trace gas measurements as well as flight altitude and ambient air

temperature of an emission measurement flight on 19th November 2021. The distinct collocated enhancements in particle and

8



trace gas emissions as soon as the Falcon climbs into the plume of the A350 are clearly visible. Usually, the Falcon climbed

into the exhaust plume from the right side slightly below the plume to ensure that the inlets on the upper fuselage were located165

inside the plume. This position was then held for about 45s before the Falcon dropped out again to measure the atmospheric

background concentrations. This process was repeated 3-5 times per test point.

To account for dilution, inhomogeneities, and mixing of exhaust air with ambient air, the particle emission index (EI) is

calculated. The emission index links the particle concentration to the amount of fuel burned by the engine by scaling particle

measurements with CO2 measurements, for which the EI is known and constant (e.g., Moore et al. (2017)):170

EI =
RT

p
· ∆N

(M(C)+αM (H)) ·∆CO2
(1)

where R is the ideal gas constant, T and p are standard temperature (273.15K) and pressure (1013.25hPa), α is the hydrogen-

to-carbon molar ratio of the fuel, M (C) and M (H) are the molar masses of carbon and hydrogen, ∆CO2 and ∆N are the

background-subtracted peak areas of the recorded concentrations of CO2 and particles at standard conditions during a plume

encounter sequence. The
:::::::
emissions

:::::
index

::::
has

:::
the

:::
unit

:::::::
number

::
of

::::::::
particles

:::
per

::
kg

::::
fuel

:::::::
burned.

:::
The

:
uncertainty of the particle175

emission index can be calculated using Gaussian error propagation comprising the standard deviation of CO2 and particle

background sequences, the uncertainty of the particle measurement correction functions, the uncertainty of the hydrogen-to-

carbon molar ratio of the fuel and the measurement uncertainty of the CO2 instrumentation and amounts to approximately

10 % (see App. A).

2.3 Modelling of nvPM number emissions180

Measurements of aircraft particle emissions in flight can be used to evaluate models predicting aircraft engine nvPM emissions.

These models are used to efficiently predict the impact of different engine
::::::::::
flight/engine

::::::::
operating conditions and the influence

of different fuels on particle emissions. Such models are also used to perform further analyses, for example to estimate the

impact on contrail formation and radiative forcing (e.g. Teoh et al. (2023)). Here, results from the flight experiments will be

compared to modelled emissions indices of two different emission models
:
,
:::::
whose

:::::::::::::
methodologies

:::
are

:::::::
publicly

::::::::
available. The185

first is the MEEM model (Ahrens et al., 2022), which models soot emissions based on different
::::::::
estimated

:
engine parameters.

The second one is the T4/T2 model (Teoh et al., 2022a), which is a publicly available method using the fuel flow as a more

accessible parameter for soot modeling
:::::::
estimates

::::
soot

::::::::
emissions

:::::
based

::
in
:::::::::

particular
::
on

::::
fuel

::::
flow,

::::::
which

::
is

::::::
usually

::::::::
available

::
to

::::::::
modellers

:::
via

::::::::::
performance

:::::::
models

::
or

::
in

:::
this

::::
case

:::::
from

:::
the

::::
flight

::::::::::::
measurements.

2.3.1 The MEEM method190

MEEM provides an estimation of the emission index for non-volatile particulate matter mass and number of jet engine aircraft

at altitude as described by Ahrens et al. (2022). The methology uses a simplified mission and can be applied to the three flight

phases climb, cruise, and descent (above 3000ft
:::::
3000 ft). MEEM recommends to use given LTO (landing-and-take-off cycle)

points for altitudes below 3000ft
:::::
3000 ft. The methodology uses ground level reference data to estimate in flight conditions.

It is recommended to use the publicly available emissions certification LTO (covering 7 %, 30 %, 85 %, and 100 % of rated195
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thrust) nvPM data from the ICAO
::::::::::
International

:::::
Civil

::::::::
Aviation

:::::::::::
Organization

:::::::
(ICAO) Engine Emissions Databank (EEDB,

ICAO (2024)). For older engines showing no nvPM data in the EEDB, MEEM recommends to use SCOPE 11 (Agarwal

et al., 2019) to estimate EI mass and number values from given Smoke Number measurements (described as Step 0). The core

MEEM calculation is performed in four steps. In step 1, in flight conditions are estimated using altitude and Mach Number

as input. With the help of a given fixed pressure coefficient and compressor efficiency (specified separately for climb, cruise,200

and descent mode) in flight T30 and P30 is calculated. In Step 2, the equivalent ground thrust condition is determined at the

same calculated T30 and the corresponding ground reference P30. The read-out of EI mass and number at the calculated thrust

requires a linear interpolation between the four given LTO points in Step 3. EEDB makes recommendation for some engines

to apply the reported
::
In

:::::::
addition

::
to

:::
the

::
4

::::
LTO

::::::
points,

:::
the maximum EI mass and /or EI number as an additional interpolation

point (MEEM describes 4 vs. 5 point interpolation in Step 3) and put it in
::
EI

:::::::
number

:::::
values

::::
are

::::
also

:::::::
reported

:::
by

::::::
engine205

:::::::::::
manufacturers

:::
in

:::
the

::::::
EEDB.

::::
For

::::
some

::::::::
engines,

:::
the

::::::
engine

:::::::::::
manufacturer

::::
has

:::
also

::::::::
provided

:::
an

::::::::
indication

:::
on

:::
the

:::::::
position

:::
of

::::
these

:::::::
maxima

:::
vs.

:::
the

:::::::
standard

::::
LTO

::::::
points.

::
In

:::
the

::::
case

::
of

:::
the

:::::
Trent

::::::::
XWB-84,

:::::
these

:::::::
maxima

:::
are

:::::::
reported

::
to

::
be

:::::::
located between

the 30
::
% and 85% thrust, i.e.

::
%

::::
LTO

::::::
points.

:::::::::
Therefore,

::
it

:
is
::::::::
assumed

:::
that

::::
this

:::
5th

::::
point

::::
(one

:::
for

::
EI

:::::
mass,

::::
one

::
for

:::
EI

:::::::
number)

::
is

::
in

:::
this

::::
case at 57.5 % thrust. Here, a 5-point interpolation is used which includes the maximum value. For the engine type used

during ECLIF3, the Trent XWB-84k engine, the EEDBincludes a recommendation to use the peak nvPM EI mass and nvPM210

EI number for a
:::::::
(MEEM

::::::::
describes

:
4
:::
vs.

:
5 point interpolation

::::
point

:::::::::::
interpolation

::
in

::::
Step

::
3)

::
is

::::
used

::::
since

:::
the

::::
data

::
is

::::::::
available

::
in

::
the

::::::
EEDB. Finally, Step 4 corrects the EI mass for the difference in combustor pressure and AFR

::::::
air-fuel

::::
ratio

::::::
(AFR) between

ground to flight relying on simplified Döpelheuer and Lecht correlation (Döpelheuer, 2002). As combustor AFR at ground and

in flight are regarded as highly sensitive data only known to engine manufacturers, MEEM gives a default Enrichment Factor

of 1.1 assuming the combustor runs 10 % richer in flight. The EI number value is then calculated by multiplying the corrected215

altitude EI mass value by the ratio of the read-out EI number to EI mass at ground reference. In order to include fuel impacts

on nvPM emissions in MEEM, the proposed hydrogen content correction in ICAO CAEP Annex 16 Vol II (ICAO, 2023b) is

applied to the nvPM emission indices.

2.3.2 The T4/T2 method

The T4/T2 method is a new approach described by Teoh et al. (2022a) which utilizes nvPM number EI from the ICAO Aircraft220

Engine Emissions Databank to perform a linear interpolation relative to a non-dimensional engine power parameter, T4/T2.

The T4/T2 model simulates the temperature at combustor exit (engine station 4), accounting for the combustion of fuel with an

estimated air-fuel mass ratio. This requires an estimate of engine power for given fuel mass flow rate. The fuel mass flow rate

is known from Airbus A350 data as a function of time during each ECLIF3 flight. Besides fuel flow, the method requires input

for the engine pressure ratio and the nvPM number emission index for available engine types at the four LTO certification test225

points (ICAO, 2024). Internally it uses a compressor efficiency = 0.9 as suited for cruise. For details of the method we refer to

the supplement of Teoh et al. (2022a). The T4/T2 method replaces the older fractal aggregates model that was used in earlier

studies (Teoh et al., 2019, 2020a, b) to estimate the nvPM EI from the particle size distribution, morphology and mass emission

index (Stettler et al., 2013; Abrahamson et al., 2016).
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3 Results230

3.1 Influence of engine power settings on particle number emission

In order to link particulate emissions to the respective engine state, emission indices are evaluated relative to fuel flow and T30.

Since exact values of the engine state fall under intellectual property of the manufacturer, we denote relative changes to mean

values for fuel flow and to typical cruise conditions for T30 only (marked as REF).
:::::
Three

:::::::
different

::::
T30

:::::::::::
temperatures

:::::
were

:::::
tested,

::::
with

:::
the

::::
low

:::
T30

::::::
setting

:::::::
differing

:::::
-40K

::::
and

:::
the

::::
high

::::
T30

::::::
setting

:::::::
differing

:::::
+20K

:::::
from

:::
the

:::::::
medium

::::
T30

:::::
value

::::::
(REF).235

Scales of ECLIF3-1 and ECLIF3-2 are based on the same absolute values.

Figure 4. Emission index of non-volatile particle (top) and total particle number (bottom) with difference to a reference combustor inlet

temperature (T30) in Kelvin for the different fuels probed during ECLIF3-1
::
at

:::::
FL280

:
(left) and ECLIF3-2

:
at
::::::

FL310 (right). The particle

emission index decreases with increasing T30, with the largest decrease in emissions when using Jet A-1. The figure shows median values

with upper and lower confidence intervals (75 %)
:::::::
25th-75th

:::::::::
percentiles.

Emissions of
::::
from

:::::::
burning the different fuels were sampled at several altitudes between FL280 and FL360, corresponding

to a pressure altitude of
:::::::::::::
28,000-36,000 ft

:
(8500-11000m,

:
),
:::::::::
emissions

::::
from

:::::::
burning the blend fuel was

::::
were sampled exclu-

sively at FL310
:::
due

::
to

:::::::::
constraints

::
in

::::
fuel

:::::::::
availability

::::
and

:::::::::::
measurement

::::
time

::
in

:::::::
suitable

::::::::::
atmospheric

:::::::::
conditions. For near-field
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Table 3. Reduction in nvPM number emissions
:::::::
emission

::::
index

:
(top) and total particle emissions

:::::::
emission

::::
index

:
(bottom) from the use of

the alternative fuel compared to the reference fuel Jet A-1 sampled during ECLIF3-1 at FL280 and ECLIF3-2 at FL310 for the different

combustor inlet temperatures (T30).

non-volatile particle number ECLIF3-1 HEFA-SPK ECLIF3-2 HEFA-SPK ECLIF3-2 Blend

low T30 (41 ± 7) % (35 ± 7) % -

medium T30 (29 ± 9) % (27 ± 4) % (14 ± 5) %

high T30 (22 ± 19) % - -

total particle number ECLIF3-1 HEFA-SPK ECLIF3-2 HEFA-SPK ECLIF3-2 Blend

low T30 (42 ± 7) % (42 ± 6) % -

medium T30 (30 ± 10) % (30 ± 3) % (8 ± 4) %

high T30 (21 ± 20) % - -

emission measurements, the right engine of the A350 was sampled at different combustor inlet temperatures (T30). During the240

measurement sequences, the Mach number was kept constant at 0.61-0.62. One test point during ECLIF3-1 at FL350 was per-

formed with a diverging Mach number of 0.68 for the HEFA-SPK test point and 0.65 for the Jet A-1 test point. It is important

to note that the typical cruise speed of an A350 is around 0.85 and therefore higher than during the measurement sequences.

T30 of the probed engine was adjusted to correspond to typical cruise T30 conditions. The difference in Mach number and

altitude can result, at fixed T30, in different P30 and a different air-to-fuel ratio compared to typical cruise conditions, which245

can lead to a variance in absolute particle EI. However, the observed percentage difference in particle emissions between the

fuels is comparable to those measured in far-field in typical cruise conditions (see Märkl et al. (2024)). Since different engines

and fuels were used for the two campaign periods, the influence of the engine power settings will be assessed separately to

make the comparison more conclusive.

In Fig. 4, the correlation of non-volatile and total particle number emission index with combustor inlet temperature of the250

ECLIF3-1 campaign on the left and the ECLIF3-2 campaign on the right is shown. To increase comparability, only measure-

ment data at pressure altitudes between 8500-9500m (FL280-FL310) are considered. Mach Number was fixed at 0.61-0.62 for

the measurements. The nvPM emission index decreases with increasing T30 for both Jet A-1 and HEFA-SPK measurement

sequences. The effect is less pronounced for HEFA-SPK fuel than for Jet A-1, which lowers the relative reduction of nvPM

due to HEFA-SPK compared to the fossil reference Jet A-1 at higher values of T30. The reduction in particle emissions of the255

test engine at given thrust range (based on median values) as a result of using 100 % HEFA-SPK instead of Jet A-1 amounts to

35 %-42 % for low T30, 27 %-29 % for medium T30 and 21 %-22 % for high T30, see Table 3. The classification from low to

high does not refer to the maximum aircraft performance, but to typical in-flight values. A reduction of 14 % is observed using

the blend fuel compared to Jet A-1 (ECLIF3-2 data, medium T30). The reduction in the total particle number
::
EI

:
is comparable

to the reduction in nvPM.260
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Figure 5. Emission indices of non-volatile particle (top) and total particle number (bottom) with difference to reference fuel flow (%) for

the different fuels and combustor inlet temperatures (T30) probed during ECLIF3-1 (left) and ECLIF3-2 (right). The nvPM emission index

decreases with increasing fuel flow, with the largest decrease in emissions when using Jet A-1. The emission index of total particles shows a

lower dependence on fuel flow. The figure shows median values with upper and lower confidence intervals (75 %)
:::::::
25th-75th

::::::::
percentiles.

In Fig. 5, fuel flow dependent particle number emissions
::
EI are shown. Due to the wider spread of the fuel flow settings,

these were grouped into bins with a range of 10 % of the mean fuel flow. The flight altitude ranges between FL280-FL360 and

the Mach number was 0.61-0.62, except for one test point during ECLIF3-1, where the Mach number was 0.65-0.68 during

the reference test point. An increasing fuel flow (correlating with an increase in T30, see Fig. 6) is associated with a decrease

in both nvPM and total particle emission index. This effect is less pronounced for the HEFA-SPK compared to Jet A-1. As a265

consequence, the impact of using SAF on nvPM number emission
::
EI is reduced for higher fuel flows. The decreasing reduction

in nvPM number emissions
:::::::
emission

:::::
index of the SAF fuel compared to Jet A-1 at higher cruise power settings is in accordance

with the observations in flight and on the ground during the preceding ECLIF2/ND-MAX campaign (Moore et al., 2017; Voigt

et al., 2021; Bräuer et al., 2021; Schripp et al., 2022). As shown in Fig. 6, the fuel flow correlates with T30, thus the decrease in

particle number
::
EI may be the result of the increase in T30 temperature at higher power settings. However, at constant combus-270

tor inlet temperature, the air mass flow, the pressure and also the associated fuel flow decreases with increasing flight altitude.

The variability in fuel flow with flight altitude at constant T30 allows the investigation of the dependence of particle emissions
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Figure 6. Correlation between combustor inlet temperature T30 and fuel flow of the engine probed during ECLIF3-1 (left) and ECLIF3-2

(right). A strong, flight altitude-dependent correlation between the combustor inlet temperature and fuel flow is observed.

with fuel flow at constant medium T30 (see hexagons in Fig. 5). It is observed that also at constant T30, the nvPM emissions

decrease with increasing fuel flow. On the other hand, this effect cannot be observed for the total particle concentration. Note

that the drop in total particle number
::
EI

:
at reference fuel flow during ECLIF3-1 results from the different Mach number and275

altitude affecting the comparison.

3.2 Exhaust particle size distribution

The measurement technique of the condensation particles counters is based on the growth of ultrafine particles by condensation

in an environment supersaturated with butanol to a size at which they become measurable by optical methods. Due to this280

growth process, information about the initial size of the particle is lost. During ECLIF3, four CPCs were used, with a 50 %

detection diameter D50 of the CPCs being about 5nm for the measurement of total particles and 14nm for nvPM. The lower

cut-off can be increased by installing diffusion screen separators in the inlet lines (see Feldpausch et al. (2006)). As a result, the

pressure-dependent lower cut-off D50 at 300hPa is raised to 34nm (1 diffusion screen) or 81nm (3 diffusion screens), where

D50 increases with decreasing ambient pressure (see App. A, Fig. A2). As a result, nvPM measurements can be divided into285

three size bins: particles larger than ∼ 14nm, particles larger than ∼ 32-38nm, and particles larger than ∼ 77-93nm, depending

on the atmospheric pressure. The corresponding distribution of non-volatile particles measured in-flight at medium T30 during

ECLIF3 is shown in Fig. 7.
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Figure 7. Number of non-volatile particles in specific size bins relative to the sum of nvPM numbers yielding the relative size distribution of

non-volatile particles per flight level at medium T30. Non-hatched bars mark the sum of the measured nvPM with a lower cut-off D50 of 14nm.

Diagonally hatched bars mark the proportion of particles with a D50 of about 34nm, the cross-hatched bars mark the proportion of particles

with a D50 of about 81nm. The cut-off is pressure-dependent and shifts to larger particle sizes with decreasing pressure. Nevertheless, a

significant shift to smaller nvPM with increasing flight altitude is observed. Jet A-1 and blend fuel show a comparable size distribution. The

combustion of HEFA-SPK results in a larger proportion of smaller particles.

For 100 % HEFA, the number of particles in both larger size bins decreases, thus the size distribution is shifted towards

smaller particles compared to Jet A-1. In contrast, Jet A-1 and blend fuel show a comparable size distribution. Furthermore,290

the number of large particles decreases with increasing altitude. The cut-off shifts to larger particles with altitude, so fewer

particles are detected by the counters with diffusion screens at higher flight levels. Assuming the size distribution of nvPM

measured on the ground
::::::
during

::::::::::::
accompanying

::::::
ground

::::
tests, this effect leads to a 4 % decrease in the number concentration

per 4,000ft when using one diffusion screen and to a decrease of up to 11 % when using 3 diffusion screens. During the flight

measurements however, a decrease in the number concentration of up to 39 % in the medium size bin and of up to 29 % in295

the largest size bin is observed with an increase in flight altitude of 4000
:::::
4,000ft. Hence, the size distribution of nvPM shifts

to smaller particles with higher flight altitudes. The shift to larger particles at the lower altitudes could be explained by the

increasing pressure at the combustor inlet (P30). Higher P30 at lower altitudes could support the formation of larger nvPM

aggregates due to the acting pressure in the combustion chamber.
:
A

::::::
similar

::::::::::
dependence

::
of

::::
soot

:::::::
particle

:::
size

::::
with

::::::::
pressure

:::
has

::::::
already

::::
been

::::::::
observed

:::
by,

::::
e.g.,

:::::::::::::
Joo et al. (2018)

:
.300

Also for ECLIF3-1 the highest number
:::::::::::
concentration of non-volatile particulate matter is measured in the smallest size range

at ∼14 to 34nm for all flight levels. Particles < 14nm cannot be detected with the CPC due to its lower size cut-off D50 of

∼ 14nm. For ECLIF3-2 the size distribution is shifted to larger sizes. Engine-to-engine variability, e.g. maintenance cycle, may

contribute to this change.
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4 Dependence of nvPM and totPM on fuel composition305

Figure 8. Emission index of non-volatile particulate matter (diamonds) and total particles (circles) with different fuel properties. The figure

shows median values with upper and lower confidence intervals (75 %)
:::::::
25th-75th

::::::::
percentiles. In order to improve comparability and enhance

the quality of the dataset, only measurement points at FL280 (ECLIF3-1) and FL310 (ECLIF3-2) at medium combustor inlet temperatures

are shown. Emissions increase with increasing carbon content and decreasing hydrogen content. The aromatic content contributes to the

formation of nvPM. The blended fuel had the highest sulfur and naphthalene content.

Soot is formed when a lack of oxygen during combustion prevents the complete conversion of hydrocarbons into CO2 and

H2O as is the case in rich-burn engines. Conventional aviation fuel is largely composed of aliphatic hydrocarbon chains and a

smaller proportion of cyclic aromatic hydrocarbons. Polycyclic aromatic hydrocarbons (PAH) are thought to be the molecular

precursors of soot particles, since more energy is required to break the chemical bonds and oxidize the aromatic ring structures
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compared to the hydrocarbon chains (Mitchell and Frenklach, 2003). In aromatic-rich fuels, such as conventional Jet A-1,310

PAH are present in relatively large concentrations. Fuel specifications allow aromatic concentrations of up to 25 %. It has been

shown that especially fuels with a large amount of naphthalenes have strong sooting tendencies (Brem et al., 2015; Schripp

et al., 2022; Harper et al., 2022). In contrast, in aliphatic fuels such as the HEFA-SPK probed during ECLIF3 (see Table 2, Fig.

8), the aromatic ring structures must be formed by fuel decomposition products through a sequence of elementary reactions

(Richter and Howard, 2000). Consequently, the active ring formation reactants are available to a smaller extent in HEFA-SPK315

compared to the aromatic-rich reference fuel Jet A-1. This is reflected in the measurements (see Fig. 8 e,f). The HEFA-SPK,

which is low in aromatics and consequently also in naphthalene content, shows a significant reduction in soot particle number

emissions
:::::::
emission

:::::
index.

The hydrogen to carbon ratio of the fuel (H/C ratio) provides a good indication of how the hydrocarbons are distributed in the

fuel. Aromatic molecules have a lower H/C ratio than aliphatic hydrocarbon chains. Therefore, fuels with a larger H/C ratio, or320

an increased hydrogen content, are associated with lower soot number emissions (Naegeli et al., 1983; Schripp et al., 2018; Cain et al., 2013)

::::::::::::
concentrations

::::::::::::::::::::::::::::::::::::::::::::::::
(Naegeli et al., 1983; Cain et al., 2013; Schripp et al., 2018). Higher soot emissions with lower H/C ratios are

also observed during ECLIF3 measurements (see Fig. 8c). Both reference Jet A-1 fuels have a similar hydrogen content with

comparable nvPM emissions (see Fig 8a). HEFA-SPK has a higher H/C ratio due to the absence of aromatic ring structures,

which results in a higher hydrogen content and reduced soot emissions. The blend fuel is characterised by a lower aromatic325

content and a higher hydrogen content than the reference Jet A-1, also leading to a reduction in nvPM emissions.

Compared to the world average Jet A-1, the Jet A-1 fuels sampled during ECLIF3 have a relatively high hydrogen content of

about 14.1-14.3 % by mass, while the sampled HEFA-SPK have a comparatively low hydrogen content of about 15.1-15.2 %

compared to the world average HEFA-SPK
:::::
mean

::
of

:::::::::
previously

::::::::
measured

:::::
fuels

::
of

:::
the

:::::::
SimFuel

::::::::
platform (see Table 2, Fig. 2).

Therefore, we expect to measure a smaller reduction in soot number emissions
:::::::
emission

:::::
index

:
between the fuels than if we330

would have used Jet A-1 with world average hydrogen content. Also, the HEFA-SPK has a lower hydrogen content than the

mean of previously measured fuels of the SimFuel platform, suggesting that a replacement of market average Jet A-1 by market

average HEFA-SPK could lead to a larger reduction in soot emission than presented in this study. Further, both HEFA-SPKs

have a high content of iso-paraffins in relation to n-paraffins, which might have promoted soot formation.

Volatile particles in the aircraft exhaust plume are composed of a complex mixture of sulfur and organic components from335

the fuel or lubrication oil (Takegawa et al., 2023). The sulfur contained in the fuel is oxidized to SO2 during combustion.

Subsequently, the S(IV) is partially converted to S(VI) (mainly SO3), which reacts with water vapor in the cooling exhaust

forming H2SO4 (Jurkat et al., 2011). Part of the gaseous sulfuric acid can be chemisorbed and can link with
::
by

:
the surface of

available combustion aerosols, e.g. nvPM, or it may condense on these particles during cooling of the exhaust gas. In addition,

homogeneous and ion-induced heterogeneous nucleation of H2SO4 contributes to the formation of volatile aerosols which340

can subsequently grow by condensation of H2SO4 and water vapor (Kärcher et al., 1995; Miake-Lye et al., 1998; Schumann

et al., 2002; Sorokin, 2004; Petzold et al., 2005). The influence of the sulfur content on the number
::
EI of volatile particles is

demonstrated with the example of the ECLIF3-2 measurements in Fig. 8(d). The fraction of soot particles larger than 14nm to

the total particle concentration is largest for the quasi-sulfur-free HEFA-SPK with 80 %, followed by Jet A-1 with a fraction
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of 76 % and the blend fuel with 72 %
::
and

:::
the

:::::::
highest

:::::
sulfur

::::::
content. This shows that the highest sulfur content links with the345

highest fraction of volatile particles. Here, the percentage of nvPM larger than 14nm is 72 %. In Fig. 4, a comparatively low

reduction in total particles when using the blend fuel compared to Jet A-1 is striking, which could be attributed to the higher

sulfur content of this fuel.

For better comparability, only measurement data at the same flight level and engine power setting were considered in Fig. 8

However, the observed dependencies remain when adding different engine conditions and flight levels from other test points of350

the campaign.

4.1 Comparison of model results with measurements

Figure 9. Comparison of measured non-volatile particle emission indices to modelled results from the T4/T2 model (left) and the MEEM

model (right). Data is classified according to the fuel used and the combustor inlet temperature (T30). The fuel impact is clearly visible

for both T4/T2 and MEEM model results. For the MEEM model some data points have been discarded as they correspond to engine states

outside the applicability of the model assumptions (see text).
:::
The

:::::
dashed

::::
line

:::::::
represents

:::
the

::::
ideal

:
1
:
:
:
1
:::::::::

relationship
:::::::
between

:::::::::
observation

:::
and

:::::
model.

:::
The

::::
solid

::::
black

::::
line

:::::::
represents

:::
the

:::::
linear

:::::::::
relationship

:
of
:::

the
::::
data.

Figure 9 shows non-volatile particle EI (EInvPM) observed during ECLIF3 near-field measurements and their corresponding

values as predicted by the T4/T2 model and the MEEM model for the different fuels used during the campaign. All valid

data points measured on FL280-FL360 at different fuel flows and T30 were used, comparable with the data from Fig. 5. As355

explained in Sect. 2.3.2, the MEEM method estimates the P30 and T30 based on the flight conditions (Altitude, Mn) and

default compressor efficiency and pressure coefficient values. For cruise in particular, these default values were derived from

the analysis of actual cruise conditions, therefore with both engines running at the same power setting. Hence, the MEEM

model implicitly assumes that both engines are running at similar power setting. Therefore, test points for which the difference

of T30 between the 2 engines was greater than 50 K were discarded from the MEEM model comparison.360
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The T4/T2 method provides a publicly available method for the determination particulate emissions for the further use of

modeling a larger aircraft fleet
::
of

:::::::::
particulate

::::::::
emissions, using fuel mass flow rates as primary input. The objective of the model

is therefore the prediction of soot emissions at medium engine power settings typically encountered in cruise flight. These

conditions are marked in Fig. 9
:
a
:
with filled symbols. Other engine power settings can also be modelled (blank symbols), but

the model prediction skill
::::::::
prediction

::::
skill

::
of

:::
the

::::::
T4/T2

:::::
model

:
is clearly strongest for average cruise flight conditions.365

The nvPM number
:::::::
emission data generally show a significant correlation between observation and model results. The span of

the T4/T2 model results is larger than the range of observed values for low T30 and high T30, while the emissions are well

reproduced for medium T30. Model and observation results for nvPM numbers show a quadratic Pearson correlation coefficient

r2 of 52 %.
:::::::::
Application

:::
of

:
a
:::::
linear

::::::::
regression

::::::
shows

:
a
:::::
slope

::
of

::::
1.50

::
±

::::
0.17

:::
and

:
a
::::::
y-axis

:::::::
intercept

::
of

:::::
(-4.03

::
±

::::::::::
1.30)×1014

:::
for

:::
the

:::::
T4/T2

::::::
model. The MEEM model accurately reproduces the variability of nvPM emissions caused by different engine settings,370

altitudes and fuels. Here, a correlation
:
r2

:
of 79 % is found.

:::
The

:::::
linear

:::::::::
regression

:::::
shows

::
a

:::::
slope

::
of

::::
1.02

::
±

::::
0.09

::::
and

:
a
::::::
y-axis

:::::::
intercept

::
of

:::::
(7.80

::
±

::::::::::
7.49)×1013.

Finally, we look for systematic relationships between modeled and observed EI values for the different fuels. Here, we evaluate

the same data points as in the analysis of the fuel impact during the measurements in Table 3. We find that for both, model

and observation results, the EI values for the number of soot particles vary systematically with fuel hydrogen content. The375

T4/T2 model finds a reduction of 44 % for high T30, 47 % for medium and 56 % for low T30. Hence, the observed trend of

a decreasing reduction in nvPM emissions between the fuels with increasing T30 is reflected by the T4/T2 model. Emissions

when using the blend fuel are underestimated by the T4/T2 model showing 22 % reduction compared to Jet A-1.

The MEEM model finds a reduction of about 41 % when HEFA-SPK is used instead of Jet A-1 for low T30 and thus reflects

the measured reduction well. For medium T30, the MEEM model predicts a reduction of 32 % where the measured reduction380

is 33 %. Note, however, that only test points at FL350 and FL360 have been used here, FL280 and FL310 test points were

discarded as the engine conditions were outside the specifications where the MEEM model is applicable. For the T4/T2 model

no such limitation is known, therefore all data points are retained in this comparison.

5 Conclusions and outlook

In-flight measurements of the combustion of 100 % HEFA-SPK sustainable aviation fuel, a 38 % HEFA-SPK blend, and a385

fossil Jet A-1 have been performed in the course of the ECLIF3 campaign in 2021. At pressure altitudes between 8500m

and 11000m, the DLR Falcon research aircraft captured
::::::::
measured trace gas and aerosol emissions approximately 100-200m

behind the emitting aircraft, an Airbus A350-941 equipped with latest-generation Rolls-Royce Trent XWB-84 engines. During

a total of 6 flights, data of the emissions of non-volatile particles larger than 14nm as well as total particles with a size larger

than 5nm were recorded in situ by 4 cabin mounted condensation particle counters.390

The power setting, here controlled via the combustor inlet temperature, has a significant influence on particle emissions. At

low cruise power settings, the use of 100 % HEFA-SPK compared to fossil Jet A-1 resulted in a reduction of both non-volatile

particles and total particles of up to 42 %. At medium cruise power settings typical for cruise conditions, the use of 100 %
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HEFA-SPK reduced nvPM emissions by 29 %. At the same engine power setting, the use of a mixed fuel with 38 % HEFA-

SPK led to a reduction in nvPM of 14 %. At high cruise power settings, particle emissions decreased approximately 20 %395

using 100 % HEFA-SPK compared to Jet A-1. Furthermore, a shift in the size distribution of nvPM to smaller particles for

HEFA-SPK with respect to Jet A-1 and for measurements with increasing pressure altitude was observed.

The reference Jet A-1 had an increased hydrogen content (14.08-14.25 % by mass) compared to the global mean (13.9 %

by mass). In contrast, the HEFA-SPK used for this study had a lower hydrogen content (15.11-15.18 % by mass) than other

HEFA-SPK components available on the market. A high hydrogen content, or a high H/C ratio, is associated with lower fuel400

sooting tendencies. For the combustion of fuels with fleet average hydrogen content, the benefit on particle emissions from

using 100 % HEFA-SPK might therefore be higher. Previous flight experiments have already observed a reduction in the non-

volatile particle number
:::::::::::
concentration of up to 50 % with blends of Jet A-1 and HEFA-SPK (Moore et al., 2017; Voigt et al.,

2021; Bräuer et al., 2021). It is important to keep in mind that combustor design as well as engine cycle parameters influence

aircraft emissions and were different for the aforementioned projects. However, these results highlight the importance of the405

fuel composition when addressing aviation soot emissions. Cleaner fuels in terms of hydrogen and aromatic content compared

to the global average can lead to a significant reduction in particle emissions and may therefore have a positive influence on

the climate impact from contrails (Märkl et al., 2024).

We show that both, the T4/T2 model and the MEEM model generally correlate well with our nvPM measurements. The MEEM

model accurately reproduces soot emission encountered during the flight experiments. The T4/T2 model correctly reproduces410

nvPM emissions at medium power settings most relevant for cruise flight while some deviations are apparent for high and low

power settings.

For the future, in-flight measurements of contrails and particles from lean-burn engines will be interesting, where combustion

in the soot-poor regime is expected. Models show that in the soot-poor regime, as is the case with lean burn engines, increased

activation of volatile particles may occur (Kärcher, 2018). In this context, the influence of lubrication oil emissions on aerosol415

particles could also be of interest. Further, different fossil based hydrotreated or hydrocracked fuels with reduced aromatics and

sulfur content, as well as a higher hydrogen content, or SAFs with a high H/C ratio could be viable pathways of soot emission

reduction. In the future, modern jet engines and targeted use of sustainable aviation fuels, together with other technologies such

as flight route optimization, can lower the climate forcing from contrails and are therefore an important factor in mitigating the

climate impact of aviation.420

Data availability. The data are collected at the HALO database at https://halo-db.pa.op.dlr.de/mission/124 (doi: 10.17616/R39Q0T)
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Appendix A: Instrument characterisation and calibrations

For the use of classical condensation particle counters in low-pressure environments during in-flight measurements, a number of

processes affecting the counting efficiency as well as particle losses in the inlet lines have to be considered and characterized.

The counting efficiency of butanol-based CPCs has been found to degrade at lower inlet pressures in the past (Noone and

Hansson, 1990; Hermann and Wiedensohler, 2001). Therefore, the counting efficiency of the instruments is characterised in

the laboratory under low pressure conditions between 200-900hPa and for different particle sizes using Ag aerosol from a tube

furnace that is size selected with a Differential Mobility Analyser (DMA, Model 55-40-26-S-DMA, Grimm Aerosol Ainring,

Germany). As reference instrument within the low-pressure manifold, a Faraday Cup Electrometer (Model 5.705, GRIMM

Aerosol Technik, Ainring, Germany) is used. From calibration runs at 35nm-particles, a parameterized pressure-dependent

correction function of the form

F (p) =m(p− p0)+ c0 −αexp

(
−b

p

p0

)
is determined, which can be applied to the

::
to

::
fit

:::
the

::::::::
counting

:::::::::
efficiency

:::
for

::::
each

:::::
CPC.

::::
This

::::::::
function

::
is

::::::::
evaluated

::
at
:::::

each

:::::::::::
measurement

::::
point

:::::
using

:::
the

::::::::
measured

::::
inlet

::::::::
pressure

::
to

::::::
correct

:::
the

:::
raw

::::::::::::
concentration

:::::::
readings

::
of

:::
the

:
airborne measurements.

Here, p designates the current
::::::
sample manifold pressure and p0 is the reference (laboratory) pressure at which the reference425

concentration
:::::::
counting

:::::::::
efficiency

::
for

:::::::
ambient

:::::::::
conditions

:
c0 :

at
::::::
ground

:::::
level is determined. The parameters m, α and b are fitted

using a Markov-Chain Monte Carlo procedure (Foreman-Mackey et al., 2013) resulting also in uncertainty estimates for each

parameter.
::::::::
Diffusion

:::::
losses

::::
and

:::
the

:::::::
intrinsic

::::::::
counting

::::::::
efficiency

::
in
::::

the
:::::::
relevant

:::
size

::::::
range

:::
are

:::::::::::::
size-dependent,

::::::::
however,

:::
we

::
do

:::
not

::::::
obtain

:::::::
detailed

:::
size

:::::::::::
information

::
in

:::
our

:::::::
airborne

:::::::::::::
measurements.

:::::::::
Therefore,

:
a
:::::::::::::::
size-independent

::::::::
correction

::
is
:::::
used.

:
The

particle diameter of 35nm was chosen to approximately match the mode diameter of the particle size distribution measured430

in flight described in Moore et al. (2017). The measured particle number concentrations are corrected for multiply charged

particles from the DMA following the procedure described in ISO 27891:2015(E) (ISO, 2015). The calibrations in the lab-

oratory were performed with inlet lines comparable to the inlet lines in the aircraft to also capture inlet line losses (mainly

diffusion losses) at the respective pressure levels. (Diffusion screens were removed for laboratory measurements because the

measurements at a fixed particle diameter would not be meaningful). Counting efficiencies
::
to

:::::::
separate

::
the

::::::::
pressure

::::
effect

:::
on

:::
the435

::::::
particle

:::::::
counters

:::::
from

:::
the

::::::::::::::::
pressure-dependent

:::::::::::
transmission

::::::::
functions

::
of

:::
the

::::::::
diffusion

::::::
screen.

:::
The

:::::::
median

:::::::
counting

:::::::::
efficiency

:::::
curves

:
of all counters, from which the correction functions for low pressure and inlet line losses can be derived, are shown in

Fig. A1. The overall uncertainty of the correction function arises from the uncertainty of the fit parameters and the pressure

control during the laboratory measurement and amounts to about 9 % at 300hPa

Furthermore, the lower cut-off or 50 % detection diameter D50 at 300hPa was determined for all CPCs. For this calibration440

run, the DMA was set to select a range of particle sizes from 4.1nm to 30nm. The resulting data was parameterized using a

function following Mertes et al. (1995). The derived cut-off functions are shown in Fig. A2. Measurements indicate a lower

cut-off of 7nm for the total particles (CPC totPM) and 11.6nm for the non-volatile particle counter (CPC nvPM1).

The cut-off diameter can be shifted to larger particle sizes by connecting the CPC to a diffusion screen separator (see

Feldpausch et al. (2006)). During ECLIF3, two CPCs measuring nvPM were equipped with one (CPC nvPM2), or three (CPC445

21



Figure A1. Counting efficiency at low pressure derived from laboratory measurements
:::::::
(marker). CPC used for total particle measurements

is shown in blue, CPC measuring total nvPM in light blue. CPCs used with diffusion screen separators during the flight measurements

are depicted in green (1 diffusion screen) and yellow (3 diffusion screens). Diffusion screens were removed for laboratory measurements.

Calibrations have been captured with
:::
rack

:
inlet lines to also account for inlet line losses.

Figure A2. Counting
::::
Panel

:
(
:
a)

:::::
shows

:::
the

::::::
counting

:
efficiency

::::::
derived

:::
from

::::::::
laboratory

:::::::::::
measurements

:::::::
(marker) at 300hPa of the CPC measur-

ing nvPM and total particles(left). Penetration
::
The

:::::::::
penetration with particle size at different pressures using CPC nvPM2 (dashed line) with

one or CPC nvPM3 (solid line) with three diffusion screen separators (right
:
b)

:::
were

::::::
derived

::::::::
according

::
to

:::::::::::::::::
Feldpausch et al. (2006). Cut-off

diameters D50 are reached at 50 % counting efficiency (dotted grey).

22



nvPM3), diffusion screens in the inlet lines in order to obtain a rough size distribution. The penetration denotes the fraction

of particles of a given size which penetrate through the diffusion screen separators. The cut-off obtained by this method is

pressure-dependent and is well characterised by a function following Feldpausch et al. (2006). The corresponding curves are

shown in Fig. A2. For altitudes between 28,000 and 36,000ft (corresponding to 330 hPa and 230 hPa), the cut-off is between

32-38nm when using one diffusion screen (CPC nvPM2) and 77-93nm when using three diffusion screens (CPC nvPM3).450

The thermal denuder vaporizes volatile parts of the aerosol by heating the sample air to 250◦C. By heating the sample flow

to a predetermined temperature, volatile components like organic carbon compounds and sulfuric acid are evaporated, leaving

non-volatile, solid particles such as soot in the sample flow. These non-volatile particles are influenced by thermophoresis

effects. The temperature gradient before and after the heating section inside the thermal denuder impacts the particles’ mobility

in the sample flow, leading to partial removal of non-volatile particles from the sample. Particle losses through thermophoresis455

effects were evaluated in the laboratory by comparing data captured with the cold and the
::::::::::::
measurements

::
of

::
an

:::
Ag

:::
test

:::::::
aerosol

::::
with

::::
cold

:::
and hot thermal denuder. The

::
At

::::::
35 nm

::::::
particle

::::::::
diameter,

:::
the losses due to the thermal denuder amount to 17 % and

are corrected
::
for

:
by applying a

::::::::::::::
size-independent correction factor to the measured data.

At high aerosol number concentrations, as can be encountered in near-field measurements, the probability of coincidence

effects increases. In that case, two particles coincide in the viewing volume of the laser of the CPC. The counting electronics460

will not recognise them as two particles, but rather as one. The coincidence effect has been characterised experimentally and the

data has been corrected following the procedure described in Collins et al. (2013). The experiments showed that the procedure

shows reliable results for correction factors up to about 1.2. Data with a higher coincidence factor were removed from the

dataset. Based on the calibration studies, the uncertainty of the coincidence correction factor is 10 %.

During the in-flight measurements, the aerosol detectors obtained their sample air through an isokinetic inlet on the center line465

of the upper fuselage. A detailed characterisation of the Falcon inlet system has recently been published by Schöberl et al.

(2023). Depending on the airspeed, depletion or enrichment of aerosol particles can be caused by the inlet system. Errors due

to inlet effects for aerosol in the submicrometer range are small and amount to 2 % for near-field measurement in the absence

of ice particles. For measurements with contrail ice particles, i.e. far-field measurements, the inlet effect cannot be neglected

because the contrail ice particles are in a size range which will be ingested up to an upper cut-off diameter. Even though the ice470

crystals will sublimate once entering the warm inlet lines inside the fuselage, the ice residuals will be detected by the particle

instruments. The upper cut-off diameter of the sampling system for true airspeeds exceeding 190 m s−1 is approximately 6µm,

requiring a correction of the particle measurement data according to the ambient ice particle size distribution.

Possible deviations in the sample flow in flight lead to an additional measurements uncertainty of 1 %. The total uncertainty of

the particle measurements ∆nx depends on the applied coincidence correction and pressure and amounts to 7-13 % for an air475

pressure of 250-350hPa, where the uncertainty increases with decreasing pressure.

The error in the particle emission index (Eq. 1)

∆EI =

√(
dEI
dnx

)2(
∆n2

x +∆bg2n
)
+

(
dEI

dCO2

)2(
∆CO2

2 +∆bg2CO2

)
+

(
dEI
dα

∆α

)2

(A1)
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additionally includes the standard deviation of the aerosol background ∆bgn of about 5-10 % of the background concentration,

the standard deviation of the CO2 background ∆bgCO2 of about 0.1-0.2ppmv, the uncertainty of the CO2 measurement of480

0.2ppmv and the error in the hydrogen to carbon ratio ∆α of 0.1 %. Due to the strongly pronounced enhancements in trace

gas and aerosol species during the plume encounter during near-field measurements (see Fig. 3), the error results mainly from

the uncertainty in the aerosol measurement, leading to a ∆EI of about 10 %. However, background uncertainties can become a

prominent factor in determining the EI from far-field measurements, where the plume encounters are not as distinct from the

background as during near-field measurements.485
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