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Introduction 
Aviation is one of the most important global economic activities in the modern world, with an extremely 
high increasing activity trend over the past 50 years.[1] Aviation emissions can have an impact on surface 
air quality[2,3] as well as on climate change via a complex set of processes.[4] From a climate perspective, 
the most important radiative forcing components of aviation are carbon dioxide (CO2), oxides of nitrogen 
(NOx), water vapour (H2O), aerosol (soot, sulphates, nitrates), and condensation trails (contrails). The 
latter in particular, based on an evaluation of global aviation activity in 2018, was estimated to be among 
the largest contributors to annual mean radiative forcing due to aviation, albeit subject to a high degree 
of uncertainty, followed by aviation’s cumulative CO2 and annual NOx emissions.[1] This article provides 
an overview of non-CO2 emissions from aircraft and fuel composition effects based on recent studies 
conducted by Concawe. 

Non-CO2 emissions from aircraft 
Aircraft emit several non-CO2 species that influence climate and, in the landing and take-off regime, local 
air quality.[5,6] Beyond CO2, the most consequential climate impact is the formation of contrails and 
contrail cirrus from exhaust water vapour interacting with ambient cold, humid air; their radiative impact 
depends on the initial ice crystal number, size, optical depth and lifetime. Combustion also releases: NOx, 
which perturbs upper tropospheric ozone (warming) and methane (cooling) with a net positive effect on 
most decadal timescales; SOx that oxidises to sulphuric acid; non-volatile particulate matter (nvPM, soot) 
that seeds droplet/ice formation; volatile PM (vPM) that forms as sulphuric acid and organics that 
condense in the cooling plume; and small amounts of CO and unburned hydrocarbons. Together, these 
species and the meteorology at cruise altitudes determine whether contrails form and persist. Near 
airports, the same emissions — especially nvPM and NOx— drive air quality concerns, motivating tighter 
certification and operational controls.[5] 
 
The different gases and particulate matter emitted by aircraft engines remain in the atmosphere for 
different lengths of time. Consequently, their radiative forcing and the subsequent climate impacts also 
occur on different timescales. CO2 is removed slowly, so it accumulates in the atmosphere over periods 
ranging from decades to millennia. During that time, it exerts a radiative forcing on the climate system. 
Therefore, a substantial fraction of past aviation CO2 emissions continues to exert a radiative forcing 
today and will continue to do so in the future. The residence time of non-CO2 emissions is much shorter, 
so non-CO2 radiative forcing is exerted by recent emissions. In particular: 

l Aviation PM can be involved in forming contrails, which last up to several hours. During that time, 
contrails exert a radiative forcing through both their own greenhouse effect (warming), and by 
reflecting sunlight (cooling), with the net effect depending on atmospheric conditions. 

l Aviation PM remains in the atmosphere for days to weeks. During that time, it exerts a radiative forcing 
by interacting with sunlight and terrestrial radiation, and in some cases by interacting with clouds. 

l Aviation NOx remains in the atmosphere for several weeks. It triggers perturbations to ozone and 
methane concentrations that last for months to decades, during which they exert a radiative forcing.  

Aviation’s climate impact 
extends beyond CO2. Non-CO2 
effects, especially contrails and 
contrail cirrus, are contributors 
to aviation radiative forcing, 
though uncertainties remain 
high. This article outlines the 
main non-CO2 emissions from 
aircraft and explains contrail 
formation. It also reviews how 
fuel composition can affect 
particulate emissions and 
contrail properties, with a focus 
on sustainable aviation fuel 
(SAF) and the trade-offs of 
further hydroprocessing in 
existing European refineries.
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The influence of aviation on climate is shown to be greater than that from its CO2 emissions alone, but 
with large uncertainties on the non-CO2 effects.[1,6,7] The aviation non-CO2 effects comprise: changes 
in the atmospheric concentrations of O3, CH4 and H2O resulting from NOx emissions; the formation of 
contrails and contrail cirrus; the direct emission of H2O; the emission of aerosols and aerosol precursors 
with their direct radiative effects; and the indirect cloud effects resulting from aviation-induced 
aerosols.[1,6,7,8] Recent studies have shown that non-CO2 effects contributed two thirds of total aviation 
effective radiative forcing (ERF) between 1940 and 2018, with CO2 contributing the remaining third. From 
all non-CO2 components, contrails and contrail cirrus were found to be the largest contributors. 

What are contrails and why do they form? 
Contrails are line-shaped ice clouds triggered by the emission of water vapour by aircraft engines under 
specific atmospheric conditions within the atmosphere, in particular in sufficiently cold air (specified in 
the so-called Schmidt-Appleman criterion — see Figure 1). Persistent contrails can spread horizontally 
in the air, such that they no longer appear line-shaped after a short while. These clouds are termed 
contrail cirrus.

Figure 1: Typical T-e (temperature vs. vapour pressure) diagram of water showing fuel-specific 
contrail thresholds
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The principle behind contrail formation is that the mixing of two air masses that are both subsaturated 
(i.e. their relative humidity is below 100%) can result in a supersaturated state (i.e. the relative humidity of 
the mixture exceeds 100%) (Figure 2). In the case of contrail formation, the two air masses are the exhaust 
gases, which are emitted hot and with high vapour pressure, and the ambient air, which is cold and has 
low vapour pressure. After emission, the mixture immediately attains ambient pressure, so the mixing 
and contrail formation process is isobaric. Mixing more and more ambient air into the exhaust gases allows 
them to cool down, and lets the vapour pressure approach the ambient value. If, during this process, the 
vapour pressure transiently reaches values above the saturation vapour pressure, condensation sets in 
and liquid droplets form that freeze instantaneously in the cold ambient air. Hence, a contrail forms. 
A contrail does not form if the mixture never becomes supersaturated (i.e. if the vapour pressure of the 
mixture remains below the saturation pressure). 

Figure 2: Illustration of the formation and evolution of contrails, and their impact on radiative fluxes[9] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Climate impact of contrails 
Figure 3 on page 33 shows the various contributions of aviation to climate change in terms of ERF as 
presented in a recent paper by Lee et al.[1] The results show that contrails and contrail cirrus, while short-
lived relative to CO2, are currently among the largest contributors to total radiative forcing (RF) and ERF, 
respectively, from aviation if the best estimates are considered. Nevertheless, the uncertainty of the 
magnitude of the contrail- (and contrail cirrus-) induced RF and ERF is large in comparison to CO2. The 
uncertainty further increases if RF or ERF are to be transferred into climate change effects, e.g. in terms 
of global mean temperature change due to the associated efficacy. Note that the efficacy of contrails 
and contrail cirrus is significantly smaller than 1, i.e. the temperature response is smaller than would be 
expected from RF or ERF.[10,11,12,13] 
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Figure 3: Best-estimates for climate forcing terms from global aviation from 1940 to 2018 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Contrails interact with both solar (short-wave) and terrestrial (long-wave) radiation. They generally cool 
in sunlight by reflecting solar radiation, but warm during both day and night by trapping outgoing long-
wave radiation; on average the long-wave effect dominates, yielding a net warming. The magnitude 
depends on optical depth, ice crystal size, and lifetime — all of which are influenced by initial ice number 
and ambient supersaturation and dynamics. In addition to the impact of atmospheric conditions, the 
magnitude of the RF and ERF from contrails and contrail cirrus depends on fuel composition, engine type, 
and consequential soot emissions — effects which require improved quantification.[14] The following 
sections provide further insights into these aspects.
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Notes on Figure 3: 
• The bars and whiskers show ERF best 

estimates and the 5–95% confidence 
intervals, respectively.  

• Red bars indicate warming terms and 
blue bars indicate cooling terms.  

• Numerical ERF and RF values are 
given in the columns with 5–95% 
confidence intervals along with 
ERF/RF ratios and confidence levels.  

• RF values are multiplied by the 
respective ERF/RF ratio to yield 
ERF values.  

• ERF/RF values designated as ‘[1]’ 
indicate that no estimate is currently 
available.[1]
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Effects of changes in fuel composition on  
non-CO2 emissions from aviation 
Fuel composition and fuel source 

One proposed way to achieve a reduction in non-CO2 emissions is by changing the composition of 
aviation fuel. Sustainable aviation fuel (SAF) has been the primary focus of recent discussions on the 
impact of fuel composition on non-CO2 emissions for two reasons: 

l First, because SAF plays a central role in aviation decarbonisation plans. The production process for 
SAF, when using CO2 taken directly from the atmosphere or by using various bio or waste feedstocks, 
can provide reductions in net CO2 emissions from aviation, depending on the feedstock and 
production process used. Hence, the possibility of decreasing both CO2 and non-CO2 emissions with 
the same fuel change is worthy of consideration. 

l Second, because flight tests have to date focused on one of the SAF types, HEFA-SPK.1 Hence, 
scientific evidence is most extensive for this fuel source. 

Recent research suggests that some of the non-CO2 emissions of aircraft engines can be reduced by 
increasing the hydrogen content of the fuel. The hydrogen content is increased by saturating aromatic 
molecules, and decreasing total aromatic and naphthalene content. In a conventional refinery, this could 
be done by hydrotreating which will also decrease the sulphur content of the fuel.[15] This processing is, 
however, expensive and CO2 intensive, but SAF blending with conventional jet fuel would provide these 
benefits as SAF, including HEFA-SPK, naturally has very low sulphur, aromatic and naphthalene content, 
and therefore a high hydrogen content. Other fuel sources (fossil, bio-co-processing, etc.)[15] could also 
have high hydrogen content and ultra-low sulphur, aromatic and naphthalene content, although these 
would require severe hydrotreatment in the refinery, which is not possible with most current refinery 
configurations, hence this would require additional capital investment. It would also require additional 
hydrogen production and more energy, with the associated higher GHG costs. Some refineries are not 
able to hydrotreat jet fuel but only use a sweetening process, transforming mercaptans in disulphides, 
which has no impact on sulphur or aromatics content. Typical kerosene hydrotreating units, when 
available, are designed for sulphur removal, with little aromatics saturation. As such, most refineries would 
require substantial capital investment for significant aromatic reduction. However, the economic impact 
on resources for such units could reduce the funds available for refiners to invest in the development of 
SAF production, or accelerate refinery shut-down and reduce jet fuel supply.

1 HEFA-SPK = hydroprocessed esters and fatty acids-synthetic paraffinic kerosene (straight paraffinic jet fuel)
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What are the impacts of fuel composition on non-CO2 emissions of aircraft engines? 

Different categories of non-CO2 emissions respond differently to changes in fuel composition, and are 
discussed in turn below. 
 
Nitrogen oxides (NOx):  Fuel composition has minimal impact on ground-based and cruise NOx emission 
indices,[16] which primarily depend on engine and combustor design, and on operating conditions. 
 
Water vapour (H2O): The use of fuels with high hydrogen content increases water vapour emissions. 
Flight tests powered by 100% HEFA-SPK SAF measured an increase in the water vapour emission index 
by about 10%.[17] This could increase the number of ice crystals in contrails. 
 
Non-volatile particulate matter (nvPM, also called soot): Petroleum-based Jet A / A-1 fuels have a 
hydrogen content range of around 13.5–14.5% by mass, depending on the crude oil origin and the degree 
of hydrotreatment. The use of fuels with higher hydrogen content, up to around 15% by mass, including 
fully paraffinic SAF, leads to reductions in nvPM emissions in certain engine types and operating points. That 
reduction is expected because a high hydrogen content is associated with the saturation of aromatic 
molecules and desulphurised fuel, which in turn reduces nvPM formation in the primary zone of the 
combustor where the fuel-to-air ratio is high to ensure a stable combustion. As a general principle, paraffinic 
molecules will combust more readily than aromatic molecules, thereby reducing the chance of soot 
formation caused by incomplete combustion. The hydrogen content of the fuel is, therefore, a simplified 
directional predictor of nvPM emissions. Individual fuel properties such as sulphur, aromatics and 
napthalenes content, carbon number distribution and the distillation curve will each affect nvPM emissions 
to varying degrees. Reduced soot emissions from combustion of 100% SAF (HEFA-SPK) and different 
blends of fossil-based Jet A-1 and HEFA-SPK or FT-SPK2 have been confirmed by ground and airborne 
measurements, with a reduction in soot particle number of 20% to 80%, depending on the fuel tested, 
engine type, combustor design and engine power settings.[18,19,20,21,22,23] The highest reductions appear 
at engine idle, at the lowest combustion temperatures, however this is not relevant to the operating 
conditions of aircraft in flight. In high-thrust conditions, fuel effects are generally less apparent. 

Lean-burn combustion technology, which is used on most modern narrow body aircraft representing 
approximately 16% of the total fleet and growing with aircraft renewal, substantially reduces soot 
emissions when engines run between medium to high thrust. Recent in-flight soot measurements have 
indicated very low (near-ambient) levels of soot emissions when burning Jet A /A-1.[24] A combination of 
high hydrogen content fuels and lean-burn combustion technology will minimise soot particle number 
emissions at the lower thrust range (idle and taxi), and have a small effect on already very low emissions 
at higher thrust ranges (take-off and flight). This result is a logical consequence of the combined effects 
of fuel and engine technology, although the low thrust range has a negligible impact on non-CO2 
emissions as this operating point is seldom used in flight. At medium to high thrust, lean burn systems 
are combusting lean, with close to zero nvPM formation even with low-hydrogen content jet fuels. It would 
therefore be expected that fuel hydrogen content will have little effect on nvPM in lean burn engines when 
operating at altitude cruising conditions, where contrails are formed.

2 FT-SPK = Fischer-Tropsch straight paraffinic jet fuel



36

Overview of non-CO2 emissions from  
aircraft and fuel composition effects

Concawe Review  Volume 34 • Number 1 • August 2026

Volatile particulate matter (vPM): The impact of fuel composition on the number of emitted vPM particles 
is more complex. vPM form from precursor gaseous emissions from the aircraft engines, in amounts that 
also depend on external factors such as weather conditions, or from lubricating oil emissions. The sulphur 
content of the fuel is important because sulphur oxidises into sulphur dioxide, one of the precursor gases 
for vPM. Petroleum-based Jet A / A-1 typically contains a range from fifty to several hundred parts per 
million of sulphur by mass. In contrast, HEFA-SPK does not contain sulphur. The number of formed vPM 
particles also depends on nvPM (soot) number[25] because soot scavenges the volatile molecules from 
the engine plume, especially organics, including oil vapours and sulphur oxides, thus preventing them from 
forming vPM. Therefore, when nvPM numbers remain relatively large, in the so-called ‘soot-rich regime’ 
associated with rich-burn, quick-mix, lean-burn (RQL)3 combustion, sulphur has a limited impact on vPM 
number but might play a role in ‘activating’ the hydrophobic nvPM particles to allow water to condense on 
them,[26] leading to the formation of ice crystals, contrails and cirrus clouds. Conversely, in the so-called 
‘soot-poor regime’, achieved by some advanced RQL and lean-burn combustors, theoretical calculations 
predict that the lack of nvPM limits the scavenging of vPM precursors and opens previously suppressed 
pathways of volatile particle formation.[25,27,28] Flight tests in the soot-rich regime using fuels with different 
sulphur contents confirmed the expected reduction in vPM with decreasing fuel sulphur content.[29] The 
extent to which oil droplets, nitric acid or organic compounds would drive volatile particle formation in soot-
poor, ultra-low sulphur conditions remains an open question. 
 
Note that hydrogen content is not currently measured or reported in commercial aviation fuel 
specifications, nor are there any limits on hydrogen content. This is because aromatics, naphthalenes 
and sulphur are individually measured and each have their associated limits. It follows that lower levels of 
these three properties would result in higher hydrogen content. Hydrogen content is a useful indicator 
for research purposes and can be easily calculated from the current Jet A / A-1 certificate of analysis 
(COA) using the method ASTM D3343 (Standard Test Method for Estimation of Hydrogen Content of 
Aviation Fuels). 
 

What does the use of SAF or fuels of similar composition mean for contrail formation 
and the climate impact of contrails? 

The previous section concluded that fuels with high hydrogen content and low sulphur content, such as, 
but not limited to, SAF, can reduce the number of particles generated by aircraft engines. This number of 
particles is one of the factors, along with, more significantly, atmospheric conditions, that determines the 
initial number of ice crystals in contrails. Contrail ice crystals form when water vapour condenses onto 
the particles emitted or formed in the aircraft engine exhaust plume, forming liquid water droplets that 
quickly freeze. It is expected that the emission of fewer particles will lead to the formation of fewer ice 
crystals.[25] Recent research stresses that the reduction should be in total particle emissions, not just 
nvPM emissions, because from a thermodynamics perspective, ice crystals will form if there are particles 
available.

3 RQL = Rich-burn, quick-quench, lean burn combustion technology
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Several in-flight measurements taken behind aircraft burning fuels with 
varying hydrogen and sulphur contents confirm the formation of fewer 
ice crystals from reduced soot particle numbers and/or reduced volatile 
particle numbers.[24] Most recently, reduced ice crystal numbers have 
been observed in the case of SAF and desulphurised Jet A / A-1.[29]  
 
Climate modelling suggests that a reduced ice crystal number 
translates into reduced radiative forcing by contrails and contrail cirrus, 
thanks to smaller contrail optical depths and shorter lifetimes.4 [14] 
Simulations using the Schmidt-Appleman criterion to determine 
conditions favourable to contrail formation find that the use of SAF 
slightly increases the extent of the regions of formation of persistent 
contrails because of its higher water vapour emission index compared 
to Jet A-1. However, this effect is small and, consequently, models still 
find a net reduction in contrail-cirrus radiative effect, driven by 
decreases in contrail optical properties and lifetime.[17,30] There is 
however more uncertainty as to the extent that radiative forcing causes 
climate temperature variations. 
 
It should also be taken into account that increasing hydrogen content will first remove sulphur from jet 
fuel. Reducing sulphur in jet fuel will reduce the sulphate emissions which slowly form sulphuric acid in the 
atmosphere. The interaction between sulphuric acid and low-level clouds has the effect of cloud 
brightening, which is known to have a significant atmospheric cooling effect. Hence, there is a trade-off 
between increasing hydrogen content which may reduce contrails, and losing the sulphur which provides 
this cooling effect.[31,32] The net effect on global cooling/warming could well be unchanged compared to 
current aviation fuel composition; however, the scientific literature currently lacks the confidence level 
to draw net temperature conclusions. For this reason, a production process that emits large additional 
amounts of CO2 to achieve higher hydrogen content would be unlikely to yield a net benefit; however, 
SAF blending would be a more neutral way to achieve higher hydrogen content. 
 
A change to current Jet A / A-1 aviation fuel specifications would require additional hydroprocessing at 
existing refineries, which will come at a substantial cost in terms of invested capital, hydrogen 
consumption and additional CO2 emissions from production. Furthermore, over 30% of European 
refineries do not have any installed hydrotreating capacity for jet fuel. The business case required to fund 
large capital investments would be unlikely in an environment of overall demand reduction for petroleum 
products, so tighter specifications would most likely accelerate refinery closure rather than improve jet 
fuel quality. Security of supply is a concern in this scenario as Europe is already a net jet fuel importer for 
40% of its needs. Imported products are also less likely to comply with tighter European specifications 
at competitive pricing.The quantification of European refinery impacts is the subject of a Concawe study 
entitled Aviation fuel composition effects on non-CO2 emissions: European refinery impacts & effects on 
fuel quality.

4 Note that Bier, A. et al. (2017) shows that this reduction in climate impact is due to the reduction in the radiative forcing 
of long-lived contrails. The reduction in ice crystal numbers is negligible for short-lived contrails.

https://doi.org/10.1002/2017JD027011
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It is therefore an open question whether the net effect of the various fuel property-related trade-offs on 
non-CO2 emissions would be enough to justify the additional GHG emissions required to further 
hydroprocess conventional jet fuel. However, if SAF mandates are achieved in the coming years, the 
hydrogen content will naturally increase proportionally in the final fuel blends used in the market. 
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