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N o G

Abstract: The contribution of aircraft operations to ambient ultrafine particle (UFP) concentration
at and around airports can be significant. This review article considers the volatile and non-volatile
elements of particulate matter emissions from aircraft engines, their characteristics and quantifica-
tion and identifies gaps in knowledge. The current state of the art emission inventory methods and
dispersion modelling approaches are reviewed and areas for improvement and research needs are
identified. Quantification of engine non-volatile particulate matter (nvPM) is improving as meas-
ured certification data for the landing and take off cycle are becoming available. Further work is
needed: to better estimate nvPM emissions during the full flight; to estimate non-regulated (smaller)
engines; and to better estimate the emissions and evolution of volatile particles (vPM) in the aircraft
exhaust plume. Dispersion modelling improvements are also needed to better address vPM. As the
emissions inventory data for both vPM and nvPM from aircraft source improves, better estimates
of the contribution of aircraft engine emissions to ambient particulate concentrations will be possi-
ble.

Keywords: emissions 1; aircraft 2; particulate matter 3; dispersion 4; regulations 5.

1. Introduction

Particulate matter emissions from aircraft engines contribute to ambient concentra-
tions of ultrafine particles in and around airports together with other combustion sources
including road traffic. The impact of emissions on ambient concentrations from an aiport,
for which aircraft engine is a main source, differs from airport to airport due to the differ-
ent relative contribution of other sources such as road traffic, and due to pollutant mix
differences, chemical characteristics and size distribution[1]. Particulate matter, particu-
larly the ultrafine component made up of small particles with an aerodynamic diameter
of less than 0.1 um, is widely considered a health hazard [2]. Aircraft gas turbine engines
result in direct emissions of ‘non-volatile’ (nvPM), also described as black carbon (BC)
‘soot’” emissions. A number of research projects such as AAFEX [3], SAMPLE [4] and A-
PRIDE [5] on the topic of aircraft particulate matter emissions have been undertaken in
recent years in Europe and North America. These projects have contributed to the better
understanding of these emissions and together with recognition of the health concerns
regarding particulate emissions from aircraft engines e.g. [2] and [6], the International
Civil Aviation Organization (ICAO) agreed in 2019 to the aircraft engine emission stand-
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ards for nvPM (both mass and number), providing regulations for aircraft engine emis-
sions (see Section 2.1). In addition to local air quality impacts, particles emitted from air-
craft engines can affect climate and cloudiness in a number of ways [7]. There are several
on-going projects such as AVIATOR [8] and ACACIA [9], that are taking measurements,
linking these to modelling and assessing the particulate impacts on local air quality and
climate.

At the high temperatures in the engine exit exhaust, particulate emissions mainly
consist of ultrafine nvPM, the geometric mean diameter of these particles typically ranges
from 15 nm to 60 nm. nvPM is formed in the combustor of the aircraft engine, and these
emissions are considered ‘primary’ emissions. nvPM emissions are the main focus of this
review. Volatile particles (vVPM) condense and agglomerate in the exhaust plume or at a
later stage in the ambient atmosphere and, due to their evolution in the aircraft exhaust
plume, are more difficult to quantify, measure and assess. However, together with nvPM,
vPM contributes to total measured ambient concentrations of particulate matter (the am-
bient measurements do not usually distinguish between them) which are compared with
current local air quality health guidelines [10].

In this review, we consider the quantification of emissions and concentrations of
nvPM from aircraft engines. In the following, we provide the regulatory background for
aircraft engine emissions, examining the role of combustion technology and fuel compo-
sition in the formation of nvPM (Section 2); the nvPM emissions from non-regulated
(smaller) aircraft engines are reviewed in Section 3; Section 4 of the review considers vPM
emissions; Section 5 provides an overview of emission inventory methodologies; and Sec-
tion 6 considers the dispersion modelling literature and methods. Finally, we summarize
the knowledge gaps which could help evaluation of aircraft particulate emissions and the
contribution made by aircraft engines and thus help guide future mitigation options.

2. nvPM Emissions from Regulated Aircraft Engines
2.1. Engine Emission Regulations

Regulated aircraft engines are those required by ICAO to be certified for their emis-
sions performance, namely turbofan and turbojet engines of maximum rated thrust at
sea level greater than 26.7 kN. These engines are typically used in commercial passenger
and freight aircraft as well as in larger business jets. Standards limiting the LTO (landing
and take-off) emissions of smoke number, nvPM (as maximum mass concentration), un-
burnt hydrocarbons (HC), carbon monoxide (CO) and oxides of nitrogen (NOx) from
turbojet and turbofan aircraft engines are contained in Annex 16 Volume II [11] to the
Convention on International Civil Aviation, Doc 7300. Before 2016, the only emission
standard related to PM emissions was the Smoke Number regulation, which effectively
requires the engine emission to be invisible. However, in recognition of the growing
health concerns regarding ultrafine PM and especially nvPM, the CAEP/10 nvPM mass
concentration certification standard was agreed to at ICAO-CAEP (Committee on Avia-
tion Environmental Protection) in 2016, which also required the LTO nvPM mass and
nvPM number emission indices (Els) to be reported.

Using standardized data collected under the CAEP/10 certification procedures, the
CAEP was able to develop new emission standards for nvPM, and at the ICAO-CAEP
11th meeting (in February 2019), new emission standards for both nvPM mass and
nvPM number and the corresponding additions and amendments (Chapter 4) to Annex
16 Volume II were agreed to. These standards include new regulatory limits for nvPM
mass and nvPM number applying to both in-production and new engine types from 1
January 2023. The new engine emissions standards are indicative for LTO total nvPM
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mass and nvPM number emissions per kN of rated thrust. As part of this agreement, the 97

nvPM mass concentration standard is now considered to preserve the exhaust plume 98
invisibility and there was also agreement to end the Smoke Number Standard applica- 99
bility for engines of rated thrust greater than 26.7 kN beginning 1 January 2023. 100

Certification requirements include the need to report data under ISA (International 101
Standard Atmosphere) conditions (except for the absolute humidity which is set to 102
0.00364 kg water/kg dry air), with a defined fuel specification and following specified 103
test conditions requirements. Engine manufacturers report the emissions data alongside 104
some engine characteristics to ICAO. These data are stored and made publicly available 105

through the ICAO Aircraft Engine Emissions DataBank (EEDB). The databank, which 106
covers all engine types whose emissions are regulated and the information provided by 107
the engine manufacturers, is hosted by the European Union Aviation Safety Agency 108
(EASA) on behalf of ICAO [12]. 109

The certification process involves running the engine on a test bed at each thrust 110

setting defined by the standard ICAO LTO cycle (100% for take-off, 85% for climb, 30% 111
for approach and 7% for taxi/ground idle) [11]. The results of the engine emissions certi- 112
fication are the fuel flow (kg/s), the Emissions Index (EI) for NOx, HC and CO (mass of 113

emissions per kg fuel), the measured smoke number, the measured nvPM mass concen- 114
tration and will now also include the EI for nvPM mass and nvPM number. These values 115
allow for the calculation of emission data for each pollutant such as: emission rate (g/s); 116
values of total LTO emission per rated thrust (total mass per kN and total nvPM number 117
per kN); and the maximum Smoke Number. 118

2.2. Combustion Technologies 119

2.2.1 Pollutant formation in combustion chamber 120

As discussed, environmental concerns over aircraft engine emissions have resulted 121
in the implementation of ICAO-CAEP emission regulations (see previous Section 2.1) 122
which are part of the certification process for the engine. The combustion technology has 123
had to evolve to control these regulated pollutants in addition to the principal impera- 124
tives of safety and operability. In the current engine designs that are now in service, the 125
environmental focus of the combustion design has been controlling NOx emissions 126
whilst improving fuel efficiency. However, as the relevance of nvPM emissions has in- 127

creased, the design of combustors has to consider both NOx and nvPM emissions as well 128
as fuel efficiency and, of course, all within the safety and operability constraints (altitude 129

relight, turbine inlet temperature, combustion efficiency, combustion instabilities, ther- 130
mal load, etc) which bound the main design decisions. 131

Modern engines designed for subsonic aeroplanes generally tend to easily achieve 132
the CO and unburnt HC emissions regulations; these pollutants are now of such low 133
concentrations that they are no longer considered to be of much concern in urban or 134
around airport locations. The focus of the following sections is to examine the most re- 135
cent design features of combustors that affect the emissions of nvPM and NOx, which 136

are of most current environmental concern. The two main modern combustion technolo- 137
gies are covered: the most widespread, Rich-burn, Quick-quench, Lean-burn (RQL) and 138

Lean Burn (LB) technologies. 139
2.2.2 Rich-burn, Quick-quench, Lean burn (RQL) technologies 140
In conventional RQL combustion chambers, fuel is atomized into a swirling and 141

recirculating flow at the swirl fuel injector and the airflow is set to keep the primary 142
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flame zone fuel rich. Flow exiting the primary rich zone is then quickly diluted, or 143
“quenched”, to a uniform lean mixture. To minimize the formation of NOx, the RQL de- 144
sign facilitates a fast passage through the high temperature zone where the fuel air ratio 145
is stochiometric and the NOx formation potential is high [13]. Compared to previous 146
generation combustion chambers, RQL technologies have significantly reduced NOx 147
emissions [14]. 148

The formation of nvPM mainly occurs in the primary zone, close to the fuel spray, 149

where fuel and air are not well mixed, and the intermediate zone reduces gas tempera- 150
ture by addition of a small amount of air to promote the complete oxidation of CO and 151
soot particles [13]. However, there is an inherent trade-off in the RQL combustors in that 152
the oxidation and removal of soot particles (formed in the rich primary zone) occurs in 153
the hottest zone, where NOx formation is highest. So, the control of nvPM at the same 154
time as reducing NOx provides some challenges to the RQL design, which was con- 155
ceived originally for NOx control. Furthermore, it is technologically difficult to cool the 156
primary zone walls (no direct injection of air; double wall principle is often used in prac- 157
tice). Designers strive to minimize both nvPM and NOx, most recently employing stag- 158
ing to separately optimize low and high-power conditions [14]. 159

2.2.3 Lean Burn (LB) combustors 160

In a lean-burn combustor, where the fuel to air ratio is lower than the RQL type 161
combustor, the peak temperatures are not as high. As a result, NOx emissions are lower 162
provided that the overall outlet temperature is not above about 1800 K [14]. At the same 163
time, the excess air leads to a lower nvPM production [14]. However, a difficulty with 164
hydrocarbon fuels is that they will not burn if the fuel air ratio is far below stoichio- 165
metric value and lean flames are inherently unstable. For the demanding operating con- 166
ditions of aero combustors, a pilot zone is required for stability particularly during low 167
power operation. Conditions in this pilot zone are like a small rich-burn combustor, pro- 168
ducing nvPM, but because of the small size of the pilot zone and the small fuel-flow 169
through it, the amount of pollutants is relatively small. Except during pilot-only opera- 170
tion, downstream lean-burn regions promote burn out of any particles formed by the 171
pilot, so that levels of nvPM should be expected to be low [14]. Lean burn technology 172
has utilized partial premixing such as the TAPS technology [15]. 173

2.2.4 Future Technology and nvPM Control 174

Both LB and RQL combustors were designed to control NOx emissions in modern 175
combustors, where temperature and pressures are increasing, and both technologies 176
have been successful in controlling thermal NOx production. However, Lean Burn tech- 177
nology also has resulted in very low emissions of nvPM compared to most RQL combus- 178
tors [14] . 179

The most recent technology step in nvPM and NOx emissions reduction has been 180

the introduction of lean-burn combustors (GE’s TAPS in GenX and CFM LEAP engines). 181
Although first entering service in late 2011, the technology remained the product of only 182

one engine manufacturer on one large engine family until a second family was intro- 183
duced in mid-2017, with combustion technology essentially by the same company. These 184
two engine families are the only lean-burn engines in service at the time of writing [12]. 185

Further developments in premixing technology to reduce nvPM include: i) the 186
Lean-burn Direct Injection (LDI) [16] and ii) the less mature multi-point injection tech- 187
nology being developed by NASA [17]. The latter is an evolution of the existing lean- 188

burn concept but demonstrates an increased staging flexibility. NASA research into 189
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multi-point injection technology is focused on significantly increasing the number of 190
injectors to allow better premixing and vaporization of the fuel and air [16]. There are, 191
however, challenges associated with this technology and the ICAO-CAEP Independent 192
Expert Integrated Review panel (IEIR) considered that it was unlikely that the technol- 193
ogy would be ready for entry into service in the next 15 years [14]. 194

2.3. Fuel Composition and PM Emissions 195

Sustainable Aviation Fuel (SAF) in this context includes sustainable fuels made 196
from biogenic wastes and residues (biofuels), fuels produced through Power-to-Liquid 197
technologies (synfuels), as well as fossil fuels engineered for improved environmental 198

performance. Sustainable biofuels and synfuels are subject to sustainability criteria such 199
as those used in the European Union Renewable Energy Directive and in ICAO’s Carbon 200

Offsetting and Reduction scheme for International Aviation (CORSIA). Both types of 201
sustainable fuel are lower in aromatic hydrocarbon compounds, including naphthalene 202
and their sulphur content may reach — in pure form — near-zero values. 203

There have been several measurement campaigns that have quantified reductions 204
in emission of particulate matter behind aircraft engines at the ground, especially com- 205
paring biogenic SAF with conventional kerosene [5,18-21]. 206

An overview of fuel composition effects on nvPM emissions can be summarized as 207
follows: the combustion of ‘pure’ or blends of SAF results in lower nvPM emissions 208
when compared to the same Jet A-1 baseline due to the lower aromatic content in the 209
fuel. The change in the nvPM emissions characteristics varies with engine type and oper- 210
ation [5,18-27]; the observed reduction in soot number and mass emissions is greatest at 211

low engine thrust conditions and decreases with increasing thrust. In addition, SAF 212
combustion results in: a reduction in the mean particle size distributions [5,18-27]; a 213
shift in chemical composition with a sizeable decrease in the emission of organics and 214
sulphates [3,22-32]; an alteration in the nvPM morphology with an increased prevalence 215
of amorphous outer shell structures [33-35]; an increase of hygroscopic growth factor 216
and hygroscopicity parameter with fuel sulphur content and engine thrust and a de- 217
crease with dry particle diameter [34]; and a shift in optical properties with reduced ab- 218
sorption, scattering and extinction coefficients [35]. In terms of vPM emissions, SOz emis- 219
sions — a precursor of vPM in the exhaust plume — are directly proportional to the sul- 220
phur content of the fuel. 221
3. nvPM Emissions from Non-Regulated Engines 222
3.1. Introduction 223

ICAOQ requires that turbofan engines of maximum rated thrust at sea level greater 224
than 26.7 kN be certified for their emission performance (Section 2.1). There are however 225
other classes of engines that do not fall under this regulated category. These non-regu- 226
lated engines include the following: i) small turbofan engines with rated thrust below 227
26.7 kN and often used on business jets and small private jets; ii) military turbofan en- 228
gines; iii) auxiliary power units (APUs); iv) turboprop engines; v) turboshaft engines 229
mainly used on helicopters; and vi) piston (or reciprocating) engines. For these unregu- 230
lated engines, there are limited publicly available data, exposing a knowledge gap in 231
aviation environmental impact assessment and mitigation. It should be noted that on a 232
global scale, nvPM emissions from non-regulated engines are significantly lower com- 233
pared to the regulated ones, and on a local scale this is likely to be true around large air- 234
ports too. However, non-regulated engines may be significant emission sources at air- 235

ports that mainly service aircraft listed i) to vi) above and therefore, could be a concern 236
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for the local population around these airports.Here, we present a summary of available 237
data with respect to the emission profiles and emission performance of unregulated en- 238
gines. Unlike the regulated engines, available data in this case are often not reported 239
according to the ICAO-prescribed LTO cycle. Emissions are primarily reported in pollu- 240
tant units (grams or number of particles) per kilogram of fuel used, i.e. the Els, and/or 241

concentrations in grams or number per volume of gas sampled. A collection of the avail- 242
able data has been prepared as an Excel file with databanks for unregulated engines, and 243
a compilation of additional data tables will be published over the course of the year 2022 244
as part of the RAPTOR project (https://aviation-pm.eu). For non-regulated engines (e.g., 245

piston or turboshaft engines), emission factors were collected from a variety of sources. 246
3.2. Emission profiles of non-requlated engines 247

A summary of the literature on emission profiles from non-regulated engines can 248
be found in Table 1. One main theme is the lack of publicly available data. Where data 249
were available, there is no clear and consistent standardized measurement method or 250
power setting across the different studies. Engine properties for which emissions were 251

measured in some cases are unknown, for instance, APUs. A standardized test program 252
including information allowing for example loss corrections would improve the quality =~ 253
and usability of available data for air quality modelling and development of inventories. 254

In addition to missing engine characteristics, particulate emission data are limited for 255
most engine classes. For military turbofan, turboprop and turboshaft engines, these data 256
are primarily from the 1970s and 1980s; methods applied are relatively outdated. For 257
instance, Spicer’s group concluded in the 1980s that tested engines were clean based on 258
the formerly used methods allowing smoke and particulate measurement. Those filtra- 259

tion methods miss the ultrafine particles that are now believed to have severe healthim- 260
pacts. Also, there are scarcely any data, gaseous and particulate, available for the civilian 261
counterpart to aircrafts engines in military application. 262

Analysis of nvPM data for two small turbofan engines [36] showed that overall, the 263

nvPM characteristics (e.g., increase of Geometric Mean Diameter (GMD) with thrust, 264
GMD as a function of nvPM number / mass ratio) are in the range of those found for 265
large engines. Both engines would nominally pass the CAEP/10 and CAEP/11 in-pro- 266
duction standards (if the limit line were theoretically and linearly extended down to sub 267
26.7 kN). 268
Few of the studies presented in Table 1 measured PM mass and number concentrations. 269
In some cases, only the concentration and/or the smoke number (SN) were presented. 270
Due to differences in the maximum rated thrust of the different engine types, the differ- 271
ent methods for reporting engine power, inconsistences across studies with respect to 272
what power settings were measured, a quantitative comparison of the different engines 273
cannot be discussed. However, one can discuss the trends in PM emissions observed as 274
follows: 275

e Turbofan-type engines: Durdina et al. [36] observed maximum nvPM mass emission 276
indices (EI) at approach and minimum at idle; a decrease in PM number EI was ob- 277
served, with slightly higher PM number at idle than at approach. Like the small tur- 278
bofan engines, APUs showed decrease in PM number and PM mass with increasing 279

power from Honeywell GTC P85 engines [22,37]. Crayford and Johnson [38] ob- 280
served lower SN at low power than at higher power from a Rolls Royce Artouste 281
MK113 engine. For military turbofan engines, Spicer et al. [39] observed increase in 282

SN with increasing power, like the Artouste MK113. 283
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e Turboshaft: Measured turboshaft SN increased with increasing power, like the turbo-
fan engines [40]. There were however differences in the particle mass and number EIL
For small turboshaft engines, Drozd et al. [41], who measured at idle and cruise, ob-
served lower PM mass EI at cruise than at idle from T63-A-700 engines. On the larger
T700-GE engines, Corporan et al. [40] observed an increase in PM mass and number
EI with increasing power.

e Turboprop: In the case of turboprop engines (all groups measured emissions on T56-
A-15; [42-44]), SN increased significantly from the lowest power level, low speed
ground idle (LSGI), to the next power level, high speed ground idle (HSGI). At
higher power settings than HSGI, SN did not increase much. PM number EI de-
creased with increasing power after HSGI, remaining relatively the same from LSGI
through HSGI to flight idle (FI). PM mass Els also decreased slightly with increasing
power.

There are no public turboprop emission data like the ones provided for jet engines
in the EEDB. In addition, the non-public FOI data [45], which form a sort of standard for
turboprop emissions, do not contain nvPM values or Smoke Numbers. Nevertheless, it
would be a useful step forward to develop a public fuel flow (FF) and EI data set for tur-
boprops including nvPM that would serve as a common reference. A unique and inter-
nationally agreed labelling (engine UID, like for the EEDB) for non-regulated engines
would be helpful to share and exchange engine emission data and to assign engines to
specific aircraft types.
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Table 1. Summary of Data on Emission Profiles of non-Regulated Engines

Studies Type of Engine

Description of data Measured / reported compounds

Durdina et al., 2019 Turbofan
[36] <6.7kN

Klapmeyer and Marr (2012) Turbofan

[46] <26.7kN
ICAO EEDB [12] Turbofan
<26.7kN

Spicer et al., 2009, 1992, Military turbo-
1989, 1987 fans
[39,43,47,48]

Measured nvPM emissions from a Dassault nvPPM mass and number, GMD
900EX carrying three Honeywell TFE731-60

engines were similar in profile to larger en-

gine measurements.

Plume measurements, during regular air-  NOx, Particle number, CO2
port operations, of NOx, COz, and PM from

Cessna C560 aircrafts carrying two Pratt &

Whitney (PW) JTD15-5 engines during

idle/taxi and at take-off.

Pratt & Whitney reported emissions from  Reported on ICAO EDB; HC, CO, NOx, SN
JT15D series (-1, -4, -5, -5A, -5B, -5C) and

corrected as prescribed by ICAO. Allied

Signal reported emissions from TFE731-2-

2B and TF3731-3 engines

Military turbofan engines have different (JP-4 fuel; [43]: JP-8 + 100) HC, CO, NOx, SN
power modes than non-military turbofan
engines including an afterburn power
mode. However, excluding afterburn power
mode for which emissions data are very
scarce, military turbofan engine emission
profiles are like other turbofan engines. Par-
ticle emissions measured as smoke numbers
showed highest smoke numbers at 75% to
intermediate power and lowest at idle to
30% of normal rated power. Measured air-
plane engines include F110, F101, F100-PE-
100, TF41-42, TF30-P103, TF30-P109.

Atmosphere 2022, 13, x. https://doi.org/10.3390/xxxxx
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Bulzan et al., 2010; APUs Generally, APUs show similar CO and HC

Crayford and Johnson emission profiles to larger turbofan engines. [37](JP-8, and FT-2): HC, NOx, CO, nvPM mass
Observed NOx emissions were different; and number

2011; . . .
while some studies observed no change in

Khandelwal et al., 2019; NOx emissions others observed some in- [38]: HC, CO, NOx, SN

Kinsey et al., 2012 crease in NOx emission with increasing

Lobo et al., 2015 power [37,38]. Particle mass Els decreased  [3] (JP-8, and FT-2): SOz, HC, CO, NOx, nvPM

with increasing power demand for GTCP85 mass and number

series [3,22,37], whereas a Rolls Royce Ar-

touste Mk113 APU had higher PM mass [22] (Jet A1): nvPM mass and number
concentration (mg/m?) at full power than at

idle [38]. Lobo et al. (2015) observed lowest [49] (Jet A1): CO and NOx

PM number Els at highest power. Kinsey et

al.’s (2012) study was inconclusive in PM

number Els as different research groups in

the same campaign showed different parti-

[3,22,37,38,49]

cle number EI profiles; some were u-shaped
with maximum at highest power, others
showed no variation with power. For the
Kinsey et al.’s group (2012), using Fischer
Tropsch fuel (FT; synfuel) reduced PM
number and mass EI, and had a clear profile
of decreasing Els with increasing exhaust
gas temperature. Crayford et al. observed
higher smoke number (SN) and PM number
concentrations (number/cm?) at full power
than at idle [38].

Cain et al., 2013; Corporan Turboshaft en-  Variable observations were made for partic- [50] (JP-8): COz, CO, PM mass and number,

et al.,, 2007, 2010, 2004; gines (primarily ulate emissions probably due to differences particle size distribution (PSD)

used on helicop- in sampling methods. There was a general

ters) agreement in particle number emissions. [21,40,42,51,53](JP-8, FT): GMD, SN, CO, NOx,
Particulate number and mass emissions PM mass and number

Drozd et al. 2012 ; Kinsey et
al., 2019
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[40-42,50-52]

Chan et al., 2013; Cheng et
al., 2008; Corporan et al.,
2008; Spicer et al., 2009
[43,44,53,54]

Turboprop en-
gines (primarily
on military air-
craft)

(concentrations and Els) and geometric

mean diameter (GMD) increased with in-  [41](JP-8, FT): PM mass, CO, COz, HC
creasing power. General emission profiles

of emissions of CO, NOx, and HC are like  [52] (JP-8, FT): GMD, CO, CO., HC
those of turbofan engines. PM emissions

were significantly reduced with FT fuel.

Emission measurements were primarily [54] JP-8): CO, NOx, CO2, SOx

conducted on turboprop engines for mili-

tary purposes as in the T56 series Il engines [53] (JP-8): SN, PM number and mass, GMD,
on C-130 Hercules (C-130H) aircraft. Power CO, NOx, CO2

in turboprop engines is reported as shaft

horsepower (shp). The gaseous emission [43] (JP8): CO, NOx, OC

profiles observed for the T56 series engines

are like those of turboshaft engines. Particle [44] (F-34, 50-50 F34/Camelina-HEFA blend) :
number and mass emissions tended to de- PM number and mass, NOx, CO, HC

crease with an increase in power.
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4. Volatile Particulate Matter (vVPM) 308

As the exhaust leaves the engine, the hot combustion exhaust gases cool downand 309
liquid droplets and condensation nuclei of sulphates and nitrates are formed, on the sur- 310
faces of which further substances such as water and organics can condense. Shortly after 311
formation, these particles have typical diameters of a few nanometers. Both the number 312
and mass of particles change significantly during transport due to processes such as ag- 313
glomeration, condensation, and evaporation on a time scale from seconds to several tens 314
of minutes. An effective emission rate can be derived from the number of particles in the 315

cooled exhaust gas. These particles are referred to as volatile or semi-volatile ultrafine 316
particles but here, the simplified term volatile particulate matter (vPM) is used. 317
Timko et al. [28] report on measurements during the AAFEX campaign. Particles 318

(sum of vPM and nvPM) were measured at distances between 30 m and 300 m behind a 319
CFM56 engine for different power settings and types of fuel. At distances with moderate 320
dilution, as compared to the smaller distance (30 m) from the engine exit, more particles 321

were measured as condensation nuclei were formed in the plume. The study also ob- 322
served that nucleation of particles accelerates with increasing fuel sulphur content, as 323
these new particles are generated largely from sulphates. About one order of magnitude 324
more particles were observed for low power while the difference was less pronounced 325
for higher powers. The authors deduce that the PM evolution strongly depends on the 326

ratio of particle precursors (sulphate and organics) to soot; more nvPM particles are gen- 327
erated at higher powers and lead to a greater interaction between precursors and nvPM 328
with more coating of nvPM with sulphuric acid etc and thereby to a smaller total num- 329
ber of newly formed particles as compared to lower powers. 330

Wong et al. [55,56] report on a detailed microphysical modelling of the formation of 331

organic and sulphuric coatings on nvPM particles and then investigated, using micro- 332
physical modelling, the role of organic emissions in the formation of volatile particles in 333
the near field (distances less than 1000 m) behind a CFM56 engine at 7% maximum 334
thrust. Soot coating and accordingly particle growth was fastest after some cooling of the 335
exhaust gas and before dilution becomes dominant (distances between 100 m and 500 336
m). Soot coating was mainly by organics with low vapour pressure. Higher ambient 337
temperatures resulted in smaller soot coating due to the higher saturation vapor pres- 338
sure. The nucleation of new particles in aircraft plumes at ground conditions at a dis- 339
tance of 1000 m was solely determined by the binary nucleation of sulphuric acid and 340
water. The presence of organic vapours did not promote nucleation of new particles but, 341
via condensation, affected the mass composition and the size of the nucleated aerosols. 342
At ambient temperatures above 285 K, most of the sulphuric acid mass condensed as 343
soot coating. For organic species, condensation was suppressed at higher temperatures, 344
with almost no condensed organics at temperatures above 295 K. According to the 345
model results, nucleation mode particles have a higher organics mass fraction than soot 346
coatings for high ambient temperatures or low ambient humidities and a higher sul- 347
phate mass fraction otherwise. 348

Peck et al. [57] modelled the evolution of surrogate organic emissions in an aircraft 349
exhaust plume for low and high-power settings of the engine. They found that the nucle- 350

ation mode particles have a sulphate core, but their mass is mostly organic coating. At 351
low engine power, there was only slow condensation of organics on a few soot particles. 352
At high power, there were more soot particles and hence more organic material con- 353
densed. 354
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Yu et al. [58] studied the mode-specific, semi-volatile chemical composition of par- 355
ticulate matter based on the AAFEX data at a distance of 30 m behind a CFM56 engine at 356
different power settings. At low power, the mass of vPM was mainly organic material, 357
while at high power it was roughly half organic and half other material. 358

In summary, the measurements and modelling show that non-volatile particles 359

emitted from aircraft engines at ground are mainly soot which becomes coated over the 360
first hundreds of metres mainly with sulphuric acid and water; the diameter and compo- 361
sition of these particles change during the course of transport but their number remains 362

more or less constant. Volatile particles are mainly created by the binary nucleation of 363
sulfuric acid and water; their mass and size increase due to coating with sulfuric acid, 364
water, and organics. Ambient temperature and humidity affect the mass composition of 365
volatile and (to less extent) non-volatile particles. 366
5. Emission Inventories 367

An emission inventory typically comprises a dataset with emission amounts, in 368
terms of mass, for the most relevant air pollutant and greenhouse gas species, splitup by 369
source type, time and location. Different levels of spatial and temporal resolution are 370
possible, depending on the scope and purpose of the inventory. Aircraft emissions in- 371
ventories usually report only those emissions related to the LTO cycle for the aircraft, 372
which covers activities up to 3000 feet (914 meters), which coincides with the typical or- 373
der of magnitude for the height of the neutrally stratified atmospheric mixing layer. 374
Emissions below this altitude are expected to be the dominant influence for local 375
ground-level air quality parameters. The 3000 feet boundary is also used as the cut-off 376

altitude for reporting national emissions for air pollution under EMEP (Gothenburg Pro- 377
tocol) and the EU National Emission Ceilings Directive (2016/2284/EU), so national emis- 378
sion inventories often pay limited attention to what happens at higher altitudes. 379

5.1 Airport Emission Inventories 380

At airport level, the compilation of an emission inventory is typically motivated by 381

the permitting process, which requires an Environmental Impact Report investigating 382
continued or planned activities at the airport in question. Other potential reasons for 383
compiling an emission inventory are to perform benchmarking or to monitor emission 384
trends in the light of emission mitigation plans or actions. Since individual airports are 385
not subject to international regulations covering the regular reporting of emissions by 386
country, these emission inventories do not have a fixed format, scope or methodology. 387
The scope of the inventory will likely be influenced by the local issues that are thought 388
to be most important. When considering only a single airport, it is usually possible to 389
include more detailed information in the analysis and perform a more comprehensive 390
modelling of the emissions. The emission inventory will typically include all significant 391
emission sources at the airport and cover a full calendar year and a range of pollutant 392
species, such as carbon dioxide (COz), carbon monoxide (CO), nitrogen oxides (NOx), 393
sulphur oxides (SOx), particulate matter, and hydrocarbons (HC) or non-methane vola- 394
tile organic compounds (NMVOCs). 395

Celikel et al. [59] investigated the influence of different emission models on the in- 396

ventory of an airport, and Fleuti and Maraini [60] carried out a sensitivity study of how 397
assumptions and applied levels of detail on aircraft traffic affect the overall emission. In 398
summary, aircraft are the dominant source of emissions including particulate matter at 399
an airport. The calculation of aircraft emissions are found to be standardized to a large 400
extent by the ICAO engine emission databank, in contrast to vehicle emissions (airside 401
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traffic, ground support equipment), which show a larger variation across different data-
banks. Model-specific assumptions on climb profiles and their assignment to aircraft
types or more generalized aircraft groups can strongly influence the resulting emissions.
More complex emission calculations for aircraft (performance models) show a tendency
to decrease the emissions of NOx, PM10 and CO: and to increase the emissions of HC
and CO (more realistic take-off thrusts below 100 % maximum). The authors concluded
that total aircraft emission up to 914 m is not a suitable quantity for describing the role
of aircraft in the context of regional air quality because the near-ground impact de-
creases with emission height and most other sources emit only at ground level.

5.2 Regional level (Country, District)

EU Member States are subject to emission legislation [61] requiring the annual re-
porting of air pollutant emissions by sector, including the aviation sector. Currently,
these national inventories require only the reporting of emission in terms of mass, not in
terms of particle numbers and/or particle size distributions. Although the country-level
emission inventory will distinguish between the different airports in the countries, it is
constructed at a national level and not by combining separate airport level inventories.
This is motivated by the requirement that a single consistent and transparent methodol-
ogy is used for all years and sources. The full requirements on data and methodologies
used are specified in the CLRTAP guidelines [62] and the EMEP/EEA Emission Inven-
tory Guidebook [63]. For the highest level of detail (Tier 3) recommended by the Guide-
book, information on the aircraft type and destination of each flight is used in combina-
tion with more detailed aircraft/engine- and LTO phase-specific emission factors. The
Guidebook notes the availability of emission factors for CO, NOx, HC from the ICAO
engine emission databank (EEDB) [12] and lists the First Order Approximation v.3
(FOAS3) method for deriving PM emission factors from the EEDB reported smoke num-
ber. Note that from version 28 onwards, the EEDB also contains nvPM emission indices
for certified in production engines [12]. Calculating emissions of climb, cruise and de-
scent activities is not mandatory and the methods described in the EMEP/EEA Guide-
book are less detailed for these flight phases. The Guidebook provides an emission cal-
culator spreadsheet which estimates fuel burn for the non-LTO phase (Cruise/Climb/De-
scent) which is combined with the relevant emission indices for NOx. A similar method
is used in the emission calculator for nvPM mass emissions [63].

The U.S. Environmental Protection Agency (EPA)’s National Emissions Inventory
(NEI) compiles estimates of air emission (criteria air pollutants (CAPs), precursors of
CAPs and hazardous air pollutants (HAPs)) from a variety of sources including aircraft.
Aircraft emissions (including PM10 and PM2.5) at airports (LTO portions of aircraft op-
erations, ground support equipment) are reported as point source and non-point source
[64]. These were estimated from ~20,000 airports and include the use of US Federal Avia-
tion Administration (FAA)'s Aviation Environmental Design Tool (AEDT) [65].

5.3 Global level inventories

The ICAO-CAEP produces full flight global aviation inventory for greenhouse
gases (COz, NOx) and local air quality emission (NOx) every three years and the interna-
tional aviation totals are provided in the ICAO Environmental Report (Environmental
Trends) [66]. The inventory is based on emission results from the US FAA AEDT model.
These results usually compare well with the other two models (the European IMPACT
and the UK FAST models) used in ICAO-CAEP analyses [67]. The 2022 report will in-
clude the 2018 annual estimate for full flight and LTO nvPM mass, in addition to post-
Covid forecast years of 2028, 2038 and 2050.
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Other published results provide the following estimates: the global LTO black car- 450
bon (BC) emissions are ~0.00083 Tg/year and ~0.00074 Tg/year for 2005 and 2015 respec- 451
tively [68], while the full-flight estimate for 2018 was 0.0093 Tg/year [7] . These could be 452

compared to other other anthropogenic sources 4.8 Tg/year for 2000 [69]. 453
5.4 Methods to derive PM emissions 454
5.4.1 LTO nvPM mass and number emission estimates 455

As in-production engines (>26.7kN) are now beginning to be certified against the 456
CAEP/11 nvPM mass and nvPM number regulations, emissions are being reported to 457
the ICAO EEDB [12]. The relevant emission indices from these certification measure- 458
ments can be used directly for building LTO emission estimates for this part of the larger 459
engine fleet. As the certification process moves forward and more emissions data are 460
reported, the measured LTO emission indices will be increasingly applied. However, 461
certification data are not yet available for all in production engines and some older (out 462
of production) engines will not be subject to nvPM certification (though these older en- 463
gines will continue to remain in the fleet for some years to come). Therefore, there con- 464
tinues to be a need for estimates of nvP’M mass and number emissions to be calculated 465
from smoke number measurements. In the most recent ICAO Doc 9889 Airport Air 466

Quality Manual (v.2) [70], a new methodology, the First Order Approximation method 467
v.4 (FOA4), is presented to estimate non-volatile PM emissions from the reported engine 468

smoke number, as well as estimate the non-volatile particle numbers and particle size 469
distribution. The methodology is based on the work done in CAEP/11 and previously 470
published by Agarwal et al. [68]. Other studies e.g. [71,72] use a mass-to-number conver- 471
sion based on the Fractal Aggregates (FA) approaches [4,73,74]. It is also possible that 472
these estimation methods from smoke number measurements could be applied to 473
smaller non-regulated (<26.7kN thrust) turbofan engines where smoke number measure- 474
ments may be available (but not nvPM mass and nvPM number measurements). 475

476
5.4.2 Full flight nvPM mass and number emissions 477

As discussed, it is common practice to calculate aircraft emissions up to 3000 ft and 478
to only consider emissions during the LTO cycle in an airport emissions inventory. 479
However, SOz, NOx and nvPM emissions contribute to climate impacts and some studies 480
have shown that emissions of NOx and nvPM during cruise may also have an impacton 481
ground level air quality [75]. In view of these factors, there is also a need to consider the 482

emissions of NOx and nvPM at higher altitudes. In global inventories to date, measure- 483
ments of LTO NOx emissions have been used to estimate NOx emissions during non- 484
LTO phases using methods such as the Boeing Fuel Flow Method 2 (BFFM2) [76] and the 485
DLR method [77]. Similar methods adapting LTO emissions to represent emissions at 486
higher altitude conditions are also under consideration for nv°PM emissions. For exam- 487
ple, in ICAO-CAEP, a new methodology is being developed for calculating full flight 488
emissions. The method consists of 4 steps: the first one being the definition of the rele- 489

vant cruise combustor conditions; the second the determination of suitable ground refer- 490
ence data; the third the interpolation of the LTO cycle data; and the fourth the correction 491
of the interpolated data from ground reference to cruise conditions. While the proposed 492
method is considered fit for purpose, some additional uncertainties prevent the method = 493
from achieving similar accuracy as the cruise NOx prediction methods, e.g. the BEFM2. 494
These uncertainties result from the wider variety of curve shapes of nvPM emissions 495
characteristics compared to NOxemissions, and the lower amount of measured cruise 496
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emission data available for validation. It is recommended to further analyse, validate 497
and, if appropriate, revise the method as further analysis takes place. 498
5.4.3 vPM emissions 499

Aviation vPM is largely considered to be made up of particles formed from sulphur 500

(S) present in the fuel, see Section 4. Condensable organic material in the exhaust then 501
condenses on these sulphate nuclei (and also on nvPPM), coating and adding to their 502
mass. 503

Volatile PM is formed from the fuel sulphur via oxidation of SOz (5-1V) to SOs (S-VI) 504

and subsequent hydration, in the exhaust plume, of SOs to H2504. In ICAO Doc 9889 505
[70], the EI mass is estimated from the fuel sulphur content and the conversion rate of S- 506
IV to S-VI (). A typical conversion rate would be around 2%, with a range of ¢ =0.5-6%. 507
A constant ¢ for an engine is assumed which means that the EI does not vary by power 508

setting. Emissions of SOz can be calculated based on the fuel sulphur concentration, e.g., 509
current evidence suggests that the globally averaged aviation fuel sulphur concentration 510

is in the range 400-800 ppm [78,79]. Therefore, assuming a fleet average fuel sulphur 511
concentration of 600 ppm, the corresponding EI of SOx as SOz yields a value of 1.2 g/kg- 512
fuel. 513

Measurements of condensable organics in the engine exhaust are very limited. 514
Based on the assumption that condensable organics are directly related to unburned hy- 515
drocarbons, ICAO Doc 9889 recommends that an estimate is made by scaling the en- 516
gine’s reported ICAO hydrocarbon (HC) EI to those of other engines in the database 517

[70]. Making a second assumption that modern engines behave in a similar manner, the 518
HC ratio can be multiplied by the volatile organic PM mass EI for the CFM56-2- C1 en- 519

gine which was measured during NASA’s Aircraft Particle Emissions Experiment 1 520
(APEX1). The result is an EI for mass that is both engine and power-setting specific for 521
the volatile organic PM. 522

The behaviour and characteristics of vPM are clearly more complex than nvPM and 523
there are significant approximations currently being made in the calculation of effective = 524

vPM mass and number Els. Further field work and modelling studies, such as those be- 525
ing undertaken under the European Horizon 2020 Project AVIATOR ( https://avia- 526
torproject.eu), will help to better characterize the estimation and role of vPM in aircraft 527
exhaust plumes, their contribution to ambient concentrations of PM and ultimately 528
health impacts. 529
6. Dispersion modelling 530

Dispersion models provide a 3-dimensional concentration distribution of pollutants 531
for subsequent time intervals. They are an important tool to supplement measurements 532
that take place at a few, specific locations. Dispersion modelling is also used to investi- 533
gate future scenarios or to study specific processes of atmospheric dispersion. The range =~ 534
of dispersion models extends from simple analytic solutions based on physical conserva- 535
tion laws to complex numerical algorithms. ICAO provides with the Airport Air Quality 536
Manual Document 9889 [70] an extensive description of emission and dispersion calcula- 537
tion methodologies at airports, in particular for aircraft main engines and APU. The 2nd 538
edition includes a calculation methodology for nvPM mass and number emission indices 539
(FOAA4) based on work in the CAEP/11 cycle (Section 5). ICAO Doc 9889 has been contin- 540
uously improved in the past cycles including CAEP/12 and the current CAEP/13 cycle, 541
with an update expected in 2022. 542
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ICAO-CAEP evaluated several dispersion models, which are designed for local air 543

quality (LAQ) studies at and around airports [80]. The aim was to investigate which 544
tools are sufficiently robust, transparent, and appropriate for CAEP analyses and to un- 545
derstand potential differences in modelling results. The use of multiple approved mod- 546
els provided CAEP insight into model-dependent sensitivities of the results. Some of 547
these models are routinely applied in scientific projects and airport assessment proce- 548
dures. In the Project for the Sustainable Development of Heathrow (PSDH), several dis- 549
persion models were evaluated and compared against measurements [81]. A further 550
summary of aspects relevant for airport dispersion modelling is provided with focus on 551
Los Angeles Airport [82]. Finally, an extended guidance for a model-based quantifica- 552
tion of the contribution of airport emissions to local air quality can be found in the ACRP 553
Report 71 [83]. 554

A variety of modelling studies have been carried out at Zurich Airport, among oth- 555
ers comparisons of model-based emission inventories [59], comparisons of modelled and 556
measured concentrations [84] and sensitivity studies [60]. Barrett et al. [85] investigated 557
the impact of aircraft plume dynamics on the predicted local air quality and observed 558
that measured, aircraft-induced concentrations in the vicinity of airports do not reveal 559
the usual inverse dependence on wind speed but are related to the effects of plume dy- 560
namics. A simplified methodology to account for plume dynamics in the context of 561
emission grids for airport dispersion modelling has been developed in a study by EU- 562
ROCONTROL [86]. 563

In summary, dispersion calculations for airports are complex because many differ- 564
ent source groups need to be accounted for. For some groups, standardized emission 565
databanks (ICAO engine emission databank, national vehicle emissions) or recommen- 566
dations (APU emissions according to ICAO Doc 9889) are available, but for other groups 567
(ground support equipment, stationary sources) airport-specific data must be gathered. 568
The resulting concentrations do not only depend on the applied emissions, but also on 569
the applied type of dispersion model, on the applied meteorological data, and, in the 570
near field of aircraft operations, on the assumed dispersion dynamics of the aircraft en- 571
gine exhaust. Comparisons with measurements are hampered by the fact that non-air- 572
port emission sources and background concentrations contribute to the measured con- 573

centrations. Although there exist several data sets that have been used for comparisons, 574
up today there exists no generally agreed gold-standard for the validation of airport dis- 575

persion models. 576
7. Discussion 577

Current emission source regulations cover the nvPM emissions from aircraft en- 578
gines (>26.7kN thrust) for both mass and number. Combustion technologies for current 579

in production engines were generally designed mainly to consider NOx emission regula- 580
tions and fuel burn (in addition to a whole host of safety and operability considerations). 581

nvPM mass and number regulations are now also being considered in advanced com- 582
bustion technology developments but there are potential trade-offs between technolo- 583
gies and their emission performance. Fuel composition is also an important factor in de- 584
termining nvPM emissions, and the composition of SAF with lower aromatic content 585
and virtually zero sulphur content also tends to lower nvPM mass and number emis- 586
sions. The increased use of SAF to reduce the overall life-cycle CO: emissions of aviation 587
is thus likely to lead to lower nvPM emissions from aircraft engines. 588

Available data for several smaller non-regulated engines was collated and it was 589

found that it is often not consistent with the ICAO EEDB structure and therefore difficult 590
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to use for emission calculations for an aircraft fleet mix. Turboprop engine data was 591
lacking especially in terms of nvPM emissions data. 592

As the ICAO EEDB becomes populated with nvPM mass and number certification 593

data for larger in production engines, these measured LTO Els can be used to directly 594
estimate the engine nvPM mass and nvPM number emissions in inventory calculations. 595
These data will eventually cover most of the larger engines in the fleet and will provide 596
a consistent data source for LTO emissions, based on real measurements. Some older 597
engine types that remain in operation will still require the use of alternative estimation 598
methods above based on smoke number measurements. Smaller non-regulated engines 599
will require assessment using methods outlined in the ICAO Doc 9889. 600

To calculate full flight nvPM emissions, further work is required to establish 601
whether a similar type of approach currently used for estimating full flight NOx emis- 602
sions from LTO emissions is applicable. Consideration of vPM emissions is currently 603

done by estimating the S and HC mass contributions to vP’M, as described in ICAO Doc 604
9889 [70]. For the HC contribution, this method only uses the gaseous unburned organic 605

emissions (EIHC) along with a power-dependent set of coefficients. The coefficients are 606
based on the ratio of the EIHC to the measured condensed HCs at each of the ICAO LTO 607
points. While this is a useful means of estimating the condensed HCs, it is based on a 608
single engine and represents all the combustion inefficiencies by the EIHC for that one 609
engine. Further research on improving the estimation of the contribution from this 610
source of vPM is required. 611

The number of non-volatile particles (nvPM) emitted from aircraft engines can be 612
assumed in a good approximation not to undergo transformation processes during the 613
atmospheric transport on a local scale up to several tens of kilometres. Thus, nvPM 614
number can be modelled to a good approximation as a passive tracer without transfor- 615
mation. The mass of aging nvPM particles may change during atmospheric transport 616
due to coating with other material, but the mass of the original nvPM, which is in the 617
UFP range, is usually very small if compared to PM10 from other sources and is cur- 618

rently not of major interest. Accounting for volatile particles (vPM) in local atmospheric 619
dispersion modelling is more challenging. The volatile particles are not emitted but they 620

are formed during transport, with a complex change in diameter (condensation and 621
growth of the particles, re-evaporation) and number (formation of nuclei, agglomera- 622
tion), in particular, during the first seconds (nucleation) and minutes (before dilution 623
takes over) of atmospheric transport. 624

In the simplest approach, vPM can be included in a dispersion calculation by means 625

of an effective emission rate (number and mass), as for instance described in the FOA4 626
method in ICAO Doc 9889 for vPM mass [70]. Such an emission rate implicitly referstoa 627
typical transport time or distance from the engine where it is valid. For vPM number, 628
this approach is probably not so well suited in the near field (up to some 100 m from the 629
engine), given the change of vPM number. A more sophisticated approach would be to 630
account for the formation and change of vPM number and mass by suitable transfor- 631
mation rates of vPM, for example, between different diameter ranges. Beside defining 632
realistic rates depending on engine power setting, exhaust gas properties and ambient 633
conditions, a challenge is to account for the dynamics of both mass and number in such 634
an approach. 635
8. Conclusions 636

A number of knowledge gaps are identified in this review together with areas for 637

further investigation. The contribution of smaller non-regulated engine emissions to 638
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nvPM emissions would be helped by more consistent reporting and database develop-
ment. The estimation of emissions of nvPM for non-LTO parts of the flight (climb and
cruise) needs further investigation. Estimating and modelling emissions of vPM emis-
sions from aircraft needs further assessment to understand the contribution made to am-
bient ultrafine particle number concentrations.
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