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Preface 

Aviation is a growing transportation sector and accounts for a market of about $718 billion 

worldwide (IATA, 2016). According to IATA, 3.3 billion passengers travelled using 500 

airliners from 700 airports only in 2015. Further the number of the flights double every 15 

years since 1982 (Airbus, 2013). 

IATA’s forecast states that air-passenger numbers will double to seven billion by 2034. This 

prediction implies that number of flights and flight-related activities at the airports will 

likewise increase dramatically. Further without alternative fuels to power this market, the 

airports will continue to be the source of air pollutants for the areas nearby. 

Some countries are planning to build new airports or to enlarge the capacity of the existing 

ones. Building big facilities like airports is changing the landscape, affecting the ecosystem 

and resulting in important local and global atmospheric consequences. Aviation emissions 

due to airplanes using airports cost the society by affecting public health while the 

emissions at flight altitude impact climate. Policies are required to be implemented today, 

either to prevent or to mitigate both climate and health effects of the aviation emissions in 

the future. This needs to be done together with the detailed and accurate monitoring of the 

impacts. 
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Summary 

Organic gases (OGs) affect public health and global climate either directly or by forming 

secondary species in the atmosphere (e.g. ozone and aerosols). There are still open 

questions on the extent of their effects, partially arising from the strength and the chemical 

composition of different source emissions. In order to improve global model simulations and 

to develop mitigation strategies, a reduction of the uncertainty in the emission rates and 

chemical composition of OGs is necessary.  

Aircraft turbine engines are one of these complex systems emitting many OGs during flight 

operations and at the airports.  We investigated aircraft emissions using a proton-transfer-

reaction mass spectrometer (PTR-ToF-MS) for the quantification of organic gases, a 

potential aerosol mass (PAM) chamber for the simulation of atmospheric aging and an 

aerosol mass spectrometer (AMS) for the quantification of non-refractory particulate matter 

with an aerodynamic diameter smaller than 1 micrometer (NR-PM1). The exhaust 

measurements from seven in-service jet-turbine engines used in commercial aviation were 

performed at the test cell of SR Technics in Zurich.  

As a first step, the total OG emitted by turbine engines and the variability of the exhaust 

chemical-composition as a function of engine load was determined. The total OG emission 

was highest at low load corresponding to taxi and idle operations, and decrease significantly 

(30-80 times) with increasing thrust. Total OG emission was also 2-3 times higher during 

low-load idling (2.5–5 %), a long-frequent operation at ground level, compared to idling 

thrust at 6-7 %. As current emission estimates are based on idling at thrust 7%, higher OG 

emission at low-load idling may imply that the emission from airports could be under-

estimated. We also observed changes in the OG relative composition with the thrust level, 

with higher aromatic content at low loads.  

Primary aircraft emissions were aged in the PAM. The chemical composition of both particle 

and gas phase were monitored before and after aging for the different engine loads tested. 

The concentrations of the secondary aerosols formed after aging (40 hours day-time 

equivalent) were much higher (10 - 100 times) than those directly emitted. The secondary 

aerosol was dominated by the organic fraction (secondary organic aerosol, SOA) when the 

engine load was low (thrust 2.5 - 7 %) while sulfate particles were dominant at high load 

(thrust 30 - 100 %). Our results imply that much more particle mass may be formed in the 

atmosphere downwind of an airport than directly emitted.  

Efficient abatement strategies for the improvement of air quality need quantitative 

assessment of the source contributions. This work provides the OG fingerprints for different 

transport emissions, which shall significantly aid the identification of their influence at 

receptor sites using top-down, statistical source apportionment methods. The studied 

sources include exhaust emissions from aircraft, ships and road vehicles. This compilation of 

emission factors (in g OG/kg fuel) with highest values for 2S-scooters, ships, light duty 
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vehicles and idling aircrafts can also be used for the assessment of the relative importance 

of each of these sources, using bottom up approaches. 
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Zusammenfassung 

Organische Gase (OGs) beeinflussen die öffentliche Gesundheit und das globale Klima direkt 

oder durch in der Atmosphäre gebildete sekundäre Spezies (z.B. Ozon oder Aerosole). Es 

gibt aber immer noch offene Fragen zum Umfang ihrer Auswirkungen, sowie zur Stärke und 

chemischen Zusammensetzung der verschiedenen Emissionsquellen. Um die globalen 

Modellsimulationen zu verbessern und Minderungsstrategien entwickeln zu können, 

müssen die Unsicherheiten zu den Emissionsraten und der chemischen Zusammensetzung 

von OGs erforscht werden. 

Flugzeugmotoren sind eines dieser komplexen Systeme, welche während des Flugbetriebs 

und auf den Flughäfen viele OGs emittieren. Wir charakterisierten die Emissionen von 

Flugzeugen mithilfe eines Protonentransferreaktions-Massenspektrometers (PTR-TOF-MS) 

zur Quantifizierung von organischen Gasen, einer „Potential Aerosol Mass“(PAM)-Kammer 

für die Simulation der atmosphärischen Oxidation und einem Aerosol-Massenspektrometer 

(AMS) für die Quantifizierung von nicht-refraktären Partikeln mit einem aerodynamischen 

Durchmesser von weniger als 1 Mikrometer (NR-PM1). Die Abgasmessungen von sieben in 

Betrieb stehenden Flugzeugturbinenmotoren aus der gewerblichen Luftfahrt wurden in der 

Testzelle von SR Technics in Zürich durchgeführt. 

Zuerst wurde der Gesamtausstoss der Turbinenmotoren an OG und die Variabilität der 

chemischen Zusammensetzung der Abgase als Funktion der Motorlast bestimmt. Die 

gesamte Abgasemission war während des Aufrollens und Wartens auf dem Rollfeld bei 

niedriger Drehzahl beziehungsweise niedriger Schub am höchsten. Sie nahm deutlich (30-80 

mal) mit der Erhöhung des Schubs ab. Der Gesamtausstoss war 2-3 mal höher bei sehr 

niedriger Last im Leerlauf (2,5-5%) im Vergleich zum üblicherweise angenommen 

Leerlaufschub von 6-7%. Da am Boden die niedrigere Last üblich ist, erhöht dies die 

Belastung mit OG in der Nähe von Flughäfen deutlich. Ausserdem ergaben sich auch 

Veränderungen in der relativen Zusammensetzung der OG bei Veränderung des Schubs, in 

Form eines höheren Gehalts an Aromaten bei niedrigen Lasten. 

Die primären Emissionen von Flugzeugen wurden zusätzlich in der PAM-Kammer gealtert. 

Die chemische Zusammensetzung sowohl der Partikel als auch der Gasphase wurde für die 

unterschiedlichen Motorlasten vor und nach der Alterung gemessen. Die Konzentration des 

sekundären Aerosols war nach simulierter Alterung (entsprechend 40 Stunden Alterung in 

der Atmosphäre) viel höher (10-100 mal) als die Konzentration der direkt emittierten 

Partikel. Darüber hinaus wurde bei niedriger Motorlast (Schub 2,5-7%) das sekundäre 

Aerosol von der organischen Fraktion (sekundäres organisches Aerosol, SOA) dominiert, 

während Sulfatpartikel bei hoher Last (Schub 30-100%) dominant waren. Unsere Ergebnisse 

deuten darauf hin, dass eine viel grössere Partikelmasse in der Umgebung eines Flughafens 

gebildet wird als direkt emittiert wird. 
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Effiziente Reduktionsstrategien zur Verbesserung der Luftqualität benötigen quantitative 

Angaben zu den Beiträgen verschiedener Quellen. Diese Arbeit liefert Fingerabdrücke von 

verschiedenen OG für verkehrsbezogene Quellen, welche die Anwendung statistischer 

Quellzuordnungsmodelle für OG-Daten verschiedener Messstandorte unterstützen sollen 

(„Top-Down“ Ansatz). Die erforschten Emissionsquellen beinhalten Flugzeuge, Schiffe und 

Strassenfahrzeuge. Die Zusammenstellung von Emissionsfaktoren (in g OG / kg Kraftstoff) 

mit den höchsten Werten von Schiffen, benzinbetriebenen Personenwagen und Flugzeugen 

im Leerlauf können auch genutzt werden, um die relative Bedeutung verschiedener Quellen 

abzuschätzen („Bottom-Up“ Ansatz). 
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1 Introduction 

1.1 Organic gases in the troposphere 

The troposphere is the lowest layer of the atmosphere where all biotas on Earth live. 

Starting from the Earth surface it extends upward to an average height of 10 km (33000 

feet) above sea level (a.s.l.) (Figure 1-1). The upper border of the troposphere, the 

tropopause, can be as high as 20 km (65000 feet) in the equatorial zone and as low as 7 km 

(23000 feet) at the poles during winter. Most of the weather events take place in the 

troposphere which hosts most of the clouds and dust particles. Further, the troposphere 

contains most of the mass in atmosphere (~75-80%) which mostly consists of nitrogen and 

oxygen, with 78% and 21%, respectively.  

 

Figure 1-1: Artwork by Randy Russell showing the troposphere and stratosphere. The 
temperature in the troposphere decreases with the increasing altitude.  
(Source: http://www.windows2universe.org/earth/Atmosphere/troposphere.html)  

The troposphere also contains organic gases, e.g. methane (CH4), hydrocarbons, in total far 

less than 1%. Organic gases (OGs), also known as volatile organic compounds (VOCs), are 

emitted both by natural and anthropogenic sources with an annual rate of 571 Tg(C)/yr 

(IPCC, 2002). Anthropogenic sources account for approximately 30% of the global OG 

emissions, assuming all fossil fuel combustion as the only anthropogenic source. This 
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anthropogenic fraction has a variety of sources e.g. vehicle traffic, industry, or residential 

heating and determines local air quality in cities, where the majority of the population lives.  

Each of these OG sources has unique chemical characteristics. For example a light-duty 

gasoline vehicle emits more single-ring aromatic hydrocarbons per fuel used compared to a 

diesel engine (Platt et al., 2014) while an idling aircraft emits mostly carbonyls (e.g. 

aldehydes) in addition to aromatic gases (Kilic et al., 2017). Cooking can result in the 

emission of terpenes or sulfur containing organic gases depending on the diet and cooking 

habits (Klein et al., 2016). Further, wood combustion for heating purposes also results in 

emissions of aromatics and their oxygenated variants e.g. phenols varying with the burning 

conditions (Bruns et al., 2015). This source-dependent variability in chemical composition 

leads to various public and atmospheric implications (e.g. different health effects, different 

chemical characteristics for the aerosols formed by the aging of OGs in the atmosphere).  

1.1.1 Impact of organic gases on public health 

Inhaling organic gases may have both acute and chronic effects on health. Acute effects are 

sudden in onset e.g. an asthma attack or a heart attack while a tumor growth in years due 

to continuous pollutant exposure is an example of a chronic effect. The magnitude of effect 

and the target organ of the threat posed by OG exposure depend on the chemical structure 

(e.g. functional groups in the molecule) and the concentration in the air.   

For example, exposure to high concentrations of aldehydes results in short-term effects on 

the respiratory system by the inflammation of the lungs. Some studies have also been 

associated aldehydes (e.g. formaldehyde) with cancer (IARC, 2006). 

Polycyclic aromatic hydrocarbons (PAHs) are the other group of organic gases previously 

linked with cancer. The effect of individual PAHs is not identified since the studies mostly 

investigate the exposure to PAH mixtures. PAH exposure however increases different cancer 

risks according to animal experiments and epidemiological studies (Armstrong et al., 2004; 

Negri & La Vecchia, 2001).  

1.2  Aerosols in the atmosphere 

Aerosols (particulate matter, PM) are liquid or solid particles suspended in the air. They are 

emitted directly or formed in the atmosphere due to natural processes such as volcanic 

eruptions, sea spray, dust resuspension or anthropogenic activities such as fossil fuel 

combustion. Aerosols lead to formation of clouds by acting as condensation nuclei, by 

providing surfaces for water to form droplets in the clouds. Finally aerosols are either 

washed out within droplets (wet deposition) or settle down on the Earth’s crust (dry 

deposition.  
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Aerosols are usually categorized according to their size by particle diameter. Particulate 

matter with an aerodynamic diameter smaller than 1 micrometer (µm) (PM1 and others 

such as PM2.5, PM10 depending on their size). Particles with a diameter greater than 2.5 

micron are generally referred to as “coarse” and those with a diameter smaller than 2.5 

micron as “fine”.  

 

Figure 1-2: Schematic showing the atmospheric aerosol size distribution for four modes 
(Finlayson-Pitts & Pitts Jr., 2000). 

Figure 1-2 presents the atmospheric processes leading to particle formation of different 

sizes. Gases chemically converted to low-volatility vapors nucleate below 10 nm. Nucleated 

particles grow by further vapor deposition and by coagulation into the Aitken mode (10-100 

nm range). Due to their small sizes, particles with the diameter below 100 nm dominate the 

particle number in the atmosphere while they account for only a few percent of the total 
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mass of the airborne aerosols. The range from 100 nm to 2.5 µm is called the accumulation 

mode. Particles grow into this size range by condensation growth and coagulation. Particles 

larger than 100 nm act as CCN, i.e., they can form cloud droplets take place, in the presence 

of a super saturation of water vapor. The accumulation range (0.1-2.5 µm) accounts for the 

substantial amount of the total atmospheric aerosols by mass. The particles of the coarse 

mode (> 2.5 µm) usually are formed by processes that are different from those in the 

smaller range (< 2.5 µm) (e.g. nucleation, condensation, coagulation). Coarse particles are 

generated mechanically e.g. dust resuspension. Due to different sources, coarse particles 

also have different chemical composition. 

The chemical composition of aerosols is source dependent. These sources can be natural 

e.g. sea spray, plant, wind-blown dust or anthropogenic, e.g. transportation, industry. The 

particles are either emitted directly, “primary aerosols”, or formed by the transformation of 

gas phase emissions (e.g. oxidation of organic gases in the atmosphere), “secondary 

aerosols”. To mention some examples, primary volcanic ash mostly consists of the most 

abundant components of the Earth crust such as metal oxides, carbonates (Andersson et al., 

2013; Nakagawa & Ohba, 2002) while sea salt sprayed into the atmosphere mainly consists 

of sodium and chloride abundant in the seawater (Lewis & Schwartz, 2004). These examples 

of natural sources are mostly coarse particles and mostly inorganic.  

The chemical composition of fine aerosols (< 1 µm) varies with location and season but is 

mostly comprised of carbonaceous material (organic matter, OM, and black carbon, BC), 

nitrate, sulfate, chloride and ammonium. Organic matter (OM) is typically the most 

abundant fraction of fine particles worldwide (Zhang et al., 2011) and can be emitted 

directly (primary organic aerosol, POA) or formed in the atmosphere (secondary organic 

aerosol, SOA). However, while the formation of inorganic secondary aerosol is reasonably 

well understood the mechanisms forming and transforming organic aerosol (OA) still awaits 

a thorough understanding (Hallquist et al., 2009).     

1.2.1 Impact of aerosols on climate  

Aerosols affect global climate directly and indirectly. The direct effect relates to aerosol 

radiation interaction by scattering or absorption. The indirect effect relates to aerosol cloud 

interaction, by modifying the cloud properties and thus the cloud albedo and lifetime. By 

these effects an increased aerosol concentration may lead to a colder global atmosphere as 

shown e.g. by volcanic eruptions. For example, the Mount Pinatubo eruption in the 

Philippines in 1991 caused the mean global temperature to decrease by 0.4-0.6 °C in 1992 

(Self et al., 1993) due sulfate aerosols formed from the emitted SO2.  
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Figure 1-3: Radiative forcing estimates in 2011 relative to 1750 for the selected 
precursors of climate change. Global values are best estimates with the level of 
confidence (L: Low, M: Medium, H: High). Ada pted from IPCC (2013).  

The long-term climate impact of aerosols is quantified by a climate metric, the radiative 

forcing (RF, W m-2), in the recent International Panel on Climate Change (IPCC) report (IPCC, 

2013). A negative RF indicates that the atmospheric driver leads to a colder climate. The 

impact of aerosols on incoming solar radiation due to cloud adjustments is a cooling one as 

shown in Figure 1-3. However the impact from aerosols on climate has the lowest 

confidence compared to other precursors due to the open questions regarding their 

formation mechanisms and atmospheric transformation. 

1.2.2 Impact of aerosols on public health  

According to the World Health Organization (WHO), global air pollution caused 3.7 million 

premature deaths in 2012 alone (WHO, 2014). Exposure to air pollution increases 

cardiovascular mortality and morbidity (Brook et al., 2010; Lall et al., 2004). Furthermore, air 

pollution exposure also increases mortality due to respiratory and cardiopulmonary diseases 

(Brunekreef et al., 2009). Pope et al. (2009) reported that an increased fine PM exposure of 

10 µg m-3 caused a decreased life expectancy of ~0.6 years and increased lung cancer risk by 

8%. 
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Figure 1-4: Deposition of different sized particles in different segments of the 
respiratory system: N=Nasal, TB= Tracheobronchial, A=Alveolar (adapted from ATSDR, 
1994). 

Particle size is an important determinant of the aerosols impact on health. As presented in 

Figure 1-4, particles of 0.1-1.0 µm range can penetrate into the lungs, passing the upper 

respiratory tract (blue), as well as the trachea and bronchial tubes (green), and may be 

accumulated in the alveoli (red). In the particle size range 0.01-1 µm, the regional deposition 

fraction (the ratio of deposited particles to total inhaled for the given lung segment) in 

alveoli increases as shown in Figure 1-4 (left). Particles in the 0.001-0.1 range can also be 

more hazardous to human health because they potentially include a higher fraction of 

carcinogenic substances, e.g. PAHs (Nel, 2005). Many countries and international 

institutions (e.g. WHO) have implemented daily and annual average limits (maximum 

allowed concentrations) for PM due to its adverse health effects as shown in Table 1-1.  

Table 1-1: PM regulation standards from selected countries and institutions. 

  PM 2.5 PM 10 
Reference 

  Daily Annual Daily Annual 

WHO 25 10 50 20 WHO, 2006 

U.S. EPA 35 12*-15** 150 - EPA, 2012 

EU  - 25 50 40 
EU Commission, 

2010 

Switzerland  - -  50 20 FOEN, 2010 

Turkey  -  -  50  40  Cevre, 2008 

*primary, **secondary 
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2 Motivation and thesis outline 

2.1 Aviation and atmosphere 

Approximately 3.5 billion passengers used commercial airliners in 2015. Aviation activity is 

expected to double by 2050 (IATA, 2016). Figure 2-1 shows the aircraft CO2 emission trend 

for the years 1990-2050. These estimates include both present-day inventories and future 

projections. According to some of the projections presented in Figure 2-1, CO2 emissions 

from aviation are expected to exceed 1500 Mt/yr by 2050 from a present-day level of 900 

Mt/yr.    

 

Figure 2-1: Historical inventories and future projections of civil -aviation CO2 emissions 
(based on civil and military aviation fuel sale statistics (IEA, 2007)) from a variety of 
sources. From Lee et al., (2009). 

The CO2 emission trend is presented as an example, a surrogate for other gaseous and 

particulate emissions related to aviation. The increase in aviation activity, and the emissions 

related to it as a consequence, have both regional and global implications. Briefly the high 

altitude emissions are most important for climate, while near-ground level emissions impact 

the local air quality. Climate and health effects of aviation are discussed in the following 

sections. 

2.1.1 Typical flight of an aircraft 

There are 700 airports worldwide currently being used for commercial aviation, registered 

by the International Civil Aviation Organization (ICAO). Among the flight operations, the 

cruise mode has the longest duration for any flight taking longer than 2 hours, assuming a 
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typical landing and take-off (LTO) cycle of 33 minutes. Emissions from airports are mostly 

due to aircraft activity, specifically due to jet turbine engines (Kim, 2009). The LTO cycle 

summarizes near-airport activity of an aircraft below 915 meters (3000 feet) used by ICAO in 

the emission certification procedure. The LTO cycle consists of taxi/idle, take-off, climb, 

cruise and approach operations with the corresponding engine loads of ≤7%, 100%, 85%, 

60-90% and 30%, (relative to full thrust), respectively.  

 

Figure 2-2: Near-ground flight operations of an aircraft: Landing take-off (LTO) cycle. 
Source http://www.icao.int/environmental -protection/Pages/local-air-quality.aspx 

Figure 2-2 shows the typical LTO flight modes of a commercial aircraft with corresponding 

engine loads (%) and durations (min). LTO emissions are a greater concern for local air 

quality since the emissions are released below 915 meters. Near airport jet turbine engines 

mostly operate at low load (taxi/idle for 26 min) which implies idle emissions could be 

particularly important for local air quality near ground level while cruise emissions at high 

altitude (>1000 meters a.s.l.) are most important for global climate. 
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2.1.2 Impact on climate and public health 

 

Figure 2-3: Aircraft emissions and their atmospheric implications. Figure by Lee at 
al.(2009)(adapted from Prather et al., 1999) and Wuebbles et al., 2007)).  

Figure 2-3 presents a schema showing the jet turbine engine emissions and their 

implications for the global atmosphere. CO2, NOX, H2O, SOX, OGs and soot emitted by 

aircraft have different atmospheric consequences such as changing temperatures, sea level, 

ice/snow cover and precipitation.  

Figure 2-4 shows the RF components for aviation and the level of scientific understanding. 

The top two components affecting climate with a positive RF are contrail formation and 

enhanced cloudiness. These also have the biggest uncertainty (Sausen et al., 2005) and their 

level of understanding is classified as low or very low. Except NOX-induced methane 

reduction and sulfate aerosol formation, all components have a positive RF indicating that 

their emission results in a warmer climate.    
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Figure 2-4: The radiative forcing due to aviation emissions with components  from Lee 
et al. (2009). 

Near ground level, emissions originating from an airport is transported downwind, affecting 

the ambient air quality (Unal et al., 2005). Figure 2-5 shows that downwind from Los 

Angeles International Airport the particle number concentrations were significantly 

increased up to a distance of 16 km and affecting an area of about 60 km2. Further, 

emissions from airports affect public health. For example, hospital admissions for 

respiratory conditions near airport (within 5 miles) in New York State were higher compared 

to the areas further away (> 5 miles). However, commercial aviation remains one of the 

least characterized man-made sources of air pollution (Masiol & Harrison, 2014). Therefore, 

characterization of the particulate and gaseous emissions originating from the airports is 

required to evaluate their impact on the public. 
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Figure 2-5: A sample spatial pattern of particle number concentration s from Los 
Angeles International Airport . (From Hudda et al. (2014). 

2.2 The Aircraft Particulate Regulatory Instrumentation Demonstration (A-

PRIDE) campaigns 

The Swiss Federal Office for Civil Aviation (FOCA) and Swiss Federal Laboratories for 

Materials Science and Technology (Empa) built a world-unique system in an engine test cell 

of SR Technics at the Zürich airport. This system enabled the measurement of the emissions 

from in-service commercial aircraft engines with a traversable probe. The emissions were 

sampled at a distance of 1.5 m to the engine exit plane from any point by moving the probe 

vertically and horizontally.  

The scopes of the work were mainly: testing and validation of the sampling method and 

establishment of the repeatability and reliability of the measurements; obtaining mass- and 

number- based non-volatile particulate matter (nvPM) emission indices (EIs) for a variety of 

aircraft engines; characterization of nvPM in terms of size, morphology, effective density 

and chemical composition; and measurement of the ICAO-regulated gaseous pollutants. The 

Paul Scherrer Institute (PSI) was taking part in the A-PRIDE campaigns, and characterized 

aircraft gaseous and particle emissions, as well as the secondary particles formed by the 

aging of the emissions. 

The A-PRIDE campaigns took place at SR Technics starting from 2012 with the FOCA project 

sponsorship. The early campaigns (A-PRIDE 3, 4, and 5) focused on the development of the 
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sampling methodology. The prototype sampling system was tested for the first time in a 

one-week campaign in August 2013 (A-PRIDE 6). In 2014, the spatial variability of emissions 

in the engine exit plane and the effects of different fuel aromatic content on nvPM mass 

and number emissions were studied (A-PRIDE 7) in a collaborative effort with General 

Electric and SNECMA by Empa (Brem et al., 2015).  

In addition to these dedicated A-PRIDE campaigns, the sampling setup was also used to 

measure emissions from engines that had a service at SR Technics in so called “piggy-back 

runs”. These runs helped to develop and test sampling procedures intended for the A-PRIDE 

campaigns and provided additional experiments, improving statistical confidence. 
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2.3 Thesis Outline 

We investigated primary and secondary aircraft emissions during A-PRIDE campaigns. Our 

research goals were as following:  

 Quantification and characterization of the primary organic gases (OGs) and non-

refractory particle matter with a diameter smaller than 1 micrometer (NR-PM1) 

emissions at different engine loads 

 Aging of the primary emissions and investigation of the secondary particle formation 

at different engine loads 

o Identification of the precursor gases of secondary aerosol 

o Characterization of the secondary aerosol   

 Investigation of the OG fingerprints from aircrafts  

 Comparison of the chemical composition and emission factors of OGs from different 

mobile sources.  

Chapter three describes the gas- and particle-phase instrumentation used to measure OGs 

and NR-PM1, as well as the sampling and analysis methodologies employed.  

Chapter four presents total primary OG EIs quantified at different engine loads for seven 

engine types. Further, the exhaust chemical composition at the engine exit plane for 

different engine loads and its variability depending on engine maintenance history, age and 

capacity are presented. 

Chapter five focuses on the oxidative processing of aircraft emissions and the relationship of 

the generated secondary organic aerosol to the primary OG composition. These 

experiments utilize a single, commonly used CFM56-7B/3 gas-turbine engine. Directly 

emitted (primary) gases and particles, and their oxidative processing (aging) were 

investigated for different engine loads. Further, the precursor gases of the secondary 

organic aerosol were identified. 

Chapter six compares the chemical composition of OGs from aircraft emissions with those of 

other mobile sources, including ships and on-road motor vehicles. The chemical finger prints 

of each source were analyzed to be provided for ambient source apportionment studies. 
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3 Instrumentation and techniques 

3.1 Proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS) 

3.1.1 Detection of organic gases by PTR-ToF-MS 

A proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS) was used for the 

quantification of the non-methane organic gases (NMOGs) in this study. The PTR-ToF-MS 

(PTR-TOF 8000, Ionicon Analytik G.m.b.H., Innsbruck, Austria) enables online detection of 

NMOGs with a proton affinity higher than water (Graus et al., 2010; Hansel et al., 1995).  

 

Figure 3-1: A simplified scheme of the PTR-TOF instrument (Graus et al., 2010). 

Figure 3-1 presents a simplified scheme of the PTR-ToF-MS. The PTR-ToF-MS consists of 

three main components: (i) an ion source, (ii) an ion transfer unit and (iii) a time-of-flight 

mass spectrometer (ToF-MS). Hydronium ions (H3O+) are produced from water in a hollow 

cathode (HC) ion source and then transferred to the drift tube (DT) where protonation of 

the OGs is achieved by OG-H3O+ reaction. The gas (air) sample, containing OGs for analysis, 

is pulled into the drift tube. Through a differential pumping stage, ions are directed to the 
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time-of-flight mass spectrometer. The signals are collected by multi-channel-plates (MCP; 

Burle Industries Inc., Lancaster, PA, USA) then preprocessed by an amplifier-discriminator 

unit (Ionwerks XCD; Ionwerks Inc., Houston, TX, USA). Finally the ion counting events are 

processed by a time to digital-converter (TDC).  

The use of this instrument requires an operational choice for the ratio of the electric field 

strength (E) – the voltage gradient down the drift tube – to the buffer gas number density 

(N) (i.e., the drift tube pressure). The choice of reduced electric field strength, E/N, affects 

the reaction dynamics in the drift tube because it influences the primary reagent ion signal, 

i.e., particularly the ratio of intensities of the hydronium ions to protonated water cluster 

signals, the drift time, the reagent ion-neutral collisional energy and the collisional induced 

dissociation of the product ions leading to their fragmentation. Maintaining an E/N ratio of 

120 Townsends (Td), sum of the protonated water ion clusters are reduced to below 20% of 

the total reagent ion intensity in the drift tube both for dry and humidified air samples 

(Brown et al., 2010). Thus the protonated water cluster ions reaction with an OG in the drift 

tube is minimized. The PTR-ToF MS was operated with one second time resolution, a drift 

voltage (Udrift) of 550 V, a drift chamber temperature (Tdrift) of 60oC, and a drift pressure 

(pdrift) of 2.2 mbar maintaining a reduced electric field (E/N) of ~120 Td during the 

experiments of this work (Kilic et al. 2017).   

 

Figure 3-2: Separation of two OGs at the same integer m/z: Measured-ion signal of a 
gas sample containing acrylic acid (blue line) and butanone (green line) and modified -
Gaussian fitted peaks (black line).  

The PTR-ToF-MS also enables distinguishing of the individual ions at the same integer mass-

to-charge (m/z) ratio. A small range in the mass spectrum obtained during aircraft emissions 
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experiment is presented in Figure 3-2. Two OGs occurring at the same integer m/z, acrylic 

acid and butanone, are accurately separated as shown in Figure 3-2. However, the PTR-ToF-

MS cannot distinguish isomeric compounds, and spectral interpretations are complicated by 

ion fragmentation as discussed in Section 3.3. 

3.2 Quantification of organic gases by PTR-ToF-MS 

Tofware post-processing software (version 2.4.5, TOFWERK AG, Thun, Switzerland; PTR 

module as distributed by Ionicon Analytik GmbH, Innsbruck, Austria), running in the Igor Pro 

6.3 environment (Wavemetrics Inc., Lake Oswego, OR, USA), was used for data analysis. 

Volume mixing ratios (ppbv) of the protonated OGs were calculated according to De Gouw 

and Warneke (2007) as shown in Eqn 3-1: 

OGppbv = 1.657 × 10−11 ×
OG+

H3O+ ×
Udrift[V]Tdrift

2 [K]

k[
cm3

s
]pdrift

2 [mbar]
×

TR
H3O+

TROG+
   Eqn 3-1 

Here OG+ is the protonated OG molecule counts, H3O+ is the hydronium ion count (cps, 

counts per second), and TRH3O+ and TROG+ are the hydronium and OG transmission 

coefficients (relative transmission efficiency), respectively. When available, reaction rate 

coefficients, k, measured by Cappelin et al. (2012) and Zhao and Zhang (2004), were used 

for the H3O+-OG reaction. For species with no reported reaction rate coefficients, a rate 

coefficient of 2x10-9 cm3/s was assumed (Table S4-2). 

 

Figure 3-3: Transmission coefficient (TROG+) of the reference compounds (red) and the 
fitted transmission function (blue line) .  



Instrumentation and techniques 

 18 

The transmission function is needed to calculate the m/z-dependent transmission 

coefficient (TROG+).  The transmission function of the mass spectrometer was quantified 

using gas standards of 12 compounds (~100 ppbv each, see Table 3-1 for further details) 

with m/z 33 to 181 (Carbagas AG., Zurich, Switzerland). Figure 3-3 shows the individual 

transmission for these compounds and the curve fitted to estimate the m/z-dependent 

transmission function. Because the concentration of the reference compounds is equal and 

by assuming a transmission of 1 for reagent ion H3O+, the transmission coefficient (TROG+) of 

each compound can also be calculated by using Eqn 3-1.  

Table 3-1: Calibration gases and their abundance in the gas bottle . 

Gas Formula m/z (protonated) Mixing ratio (ppbv) 

Methanol CH4O 33.034 100.3 

Acetaldehyde C2H4O 45.034 100.3 

Acetone C3H6O 59.049 100.0 

Isoprene C5H8 69.070 99.3 

Methacrolein C4H6O 71.049 100.3 

3-Pentanone C5H10O 87.080 100.0 

Toluene C7H8 93.070 100.3 

p-Xylene C8H10 107.086 100.2 

α-Pinene C10H16 137.132 99.9 

1,3,5-Trimethylbenzene C9H12 121.101 99.9 

1,2,4-Trichlorobenzene C6H3Cl3 180.937 100.0 

 

3.3 Fragmentation due to proton-transfer-reaction and limitations of PTR-

ToF-MS 

The proton-transfer-reaction takes place in the drift tube where the OG sample is 

introduced. The choice on operational setting leads to an E/N that influences the 

fragmentation of product ions due to the collision induced dissociation. 

Due to the exothermic proton-transfer reaction, some intra-molecular bonds are broken in 

the drift chamber. This causes fragmentation of some compounds, influenced by E/N, and 

depending on the geometry of the molecules. Assignment of these fragment ions to the 

corresponding parent ions is required for an accurate quantification. A detailed 

fragmentation table for aldehydes using the current drift chamber conditions can be found 

in Klein et al. (2016). Additionally fragmentation patterns for alcohols (Brown et al., 2010), 
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aliphatic and aromatic HCs (Erickson et al., 2014; Gueneron et al., 2015), ketones, esters and 

other species (Buhr et al., 2002), sesquiterpenes (Kim et al., 2009) under the same chamber 

conditions have been reported previously. 

Besides the fragmentation in the drift tube during proton-transfer-reactions, the PTR-ToF-

MS does not detect OGs with a proton affinity lower than that of water, including alkanes 

with carbon numbers less than 8 and two alkenes (ethylene and acetylene). Therefore, the 

sum of all OG mixing ratios measured by PTR-ToF-MS is expected to be lower than the 

actual sum of OGs. Compounds not detected by the PTR-ToF-MS can be measured using 

alternative methods. Specifically, methane can be quantified by a flame ionization 

hydrocarbon detector, while undetected alkanes and alkenes can be quantified by gas 

chromatography mass spectrometry. 

3.4 Detection of particulate matter by aerosol mass spectrometer (AMS)  

A high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) was used for the 

characterization of the aerosols. The HR-ToF-AMS uses flash thermal vaporization under 

high vacuum to volatilize aerosols, followed by electron ionization to ionize the resulting gas 

molecules and finally a mass spectrometer to analyze mass (DeCarlo et al., 2006).  

 

Figure 3-4: Schematic showing the main component of the AMS (DeCarlo et al., 2006) . 
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Figure 3-4 shows the sample introduction system (particle inlet & aerodynamic lens), sizing 

region (PToF, particle time-of-flight region), vaporization and ionization, and mass 

quantification systems of the ToF mass spectrometer. A gas sample containing particles is 

pulled through a critical orifice into an aerodynamic lens, which generates a beam of 

particles (with a diameter smaller than 1 µm). After the lens the particles are accelerated 

into the sizing region (10-5 Torr) by a supersonic expansion, where particle size is determined 

by the particle flight time through the PToF-Region. Particle flight starts with passing a 

rotating mechanical chopper, and the end of the particle flight is defined as the time of mass 

spectrometric detection. Particles are vaporized by impaction at 600 °C and the resulting gas 

is ionized by electron ionization (70 eV). Only non-refractory particulate matter, which 

includes organic species and most atmospherically-relevant nitrate and sulfate salts, are 

vaporized and detected whereas coarse particles such as crustal material, sea salt, and 

refractory carbon, i.e. black carbon are not. The mass-to-charge ratios (m/z) of the 

fragments are determined by a high resolution, orthogonal ToF mass spectrometer (H-TOF 

Platform, Thun, Switzerland). The AMS was operated in the V-mode during the experiments, 

with a time resolution of 30 sec. The AMS data were analyzed using the SQUIRREL (version 

1.52L) and PIKA (1.11L) analysis software in Igor Pro 6.3 (WaveMetrics Inc., Lake Oswego, 

OR, USA). Further details on mass quantification can be found elsewhere (DeCarlo et al., 

2006).  

3.5 Oxidative processing of organic gases  

3.5.1 Potential Aerosol Mass (PAM) chamber 

The Potential Aerosol Mass (PAM) chamber is a highly oxidizing flow tube used for the rapid 

oxidation of precursor gases to monitor aerosol formation mechanisms. The PAM uses much 

higher-than-ambient concentrations of oxidants (100 – 10000 times) to simulate days of 

atmospheric aging on experimental timescales of minutes. 

The PAM operates under continuous flow conditions using a flow-through chamber with a 

volume of 13.3 liters. Two mercury lamps (emission lines at wavelength λ=182 nm – 254 nm, 

BHK Inc.), mounted inside the PAM, were used to irradiate HONO and O2 for hydroxyl 

radical (OH) formation. The amount of the oxidants ozone (O3), hydroxyl (OH), and 

hydroperoxyl (HO2) can be controlled by varying the UV light and the relative humidity. 

HONO to boost OH concentrations, and D9-butanol (butanol-D9, 98%, Cambridge Isotope 

Laboratories) to trace OH exposure (Barmet et al., 2012), were injected with flows of 1.8 

and 0.4 l min-1, respectively. The PAM is also humidified (~20%) by injecting synthetic air 

with water vapor (with a flow of 1.6 l min-1) in order to maintain the required H2O 

concentration for OH formation. The ratios OH/O3 and HO2/OH in the PAM are similar to 

tropospheric values although the oxidant amounts are 100 to 1000 times larger than the 

daytime troposphere (Kang et al., 2007).  
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This PAM method was developed to measure the potential aerosol mass in the atmosphere, 

but is also used for examining SOA formation mechanisms in the laboratory and in 

environmental chambers. The aerosol production mechanism and the aerosol mass yield 

were studied for single precursors (Lambe et al., 2015) (e.g. a-pinene) and complex 

emissions e.g. from wood combustion (Bruns et al., 2015) in the PAM chamber and are 

similar to batch-style environmental chambers.  

3.5.2 Experimental setup of the aging experiments 

 

Figure 3-5: Simplified scheme of the experimental setup used for aging experiments . 

Figure 3-5 shows a simplified version of the setup used during aging experiments and 

sampling of the combustion exhaust. The exhaust sample is pulled to the ejector dilutors 

(DEKATI DI-1000) with electrically heated lines (up to 120oC). The lines are heated to 

prevent condensation in the transfer lines. The sample is also usually diluted by 10-100 

times with synthetic air (99.999% purity) to prevent extensive condensation inside the 

transfer lines or aging units and to bring pollutant concentrations down to instrument 

detectable levels (e.g. PTR-ToF-MS, HR-ToF-AMS). After dilution, the exhaust is first directed 

to a bypass line which is heated to the same temperature. Primary emissions are measured 

by bypassing the aging unit while secondary formation is measured after the aging unit 

(Figure 3-5). This aging unit can be portable e.g. a PAM or a portable smog chamber (SC) to 

conduct measurements especially when space is limited. Using SCs, however, the 

primary/secondary emissions are more easily separated by reaction coordinate (pre/post-

lights on) rather than by a bypass lines. 

For the measurement of the gaseous emissions Teflon transfer lines (6 mm Ø) are used as 

shown in Figure 3-5 due to their high chemical stability. However, Teflon is not the optimum 
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material for the sampling of the particles. Some particles losses may occur due to 

absorption i.e. ammonia (Kosmulski, 2001) in Teflon lines. To minimize particle losses in the 

transfer line, silcosteel lines are used with a minimum number of bends possible (Wang et 

al., 2002). 
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Abstract  

Non-methane organic gas emissions (NMOGs) from in-service aircraft turbine engines were 

investigated using a proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS) 

at an engine test facility at Zurich Airport, Switzerland. Experiments consisted of 60 exhaust 

samples for seven engine types (used in commercial aviation) from two manufacturers at 

thrust levels ranging from idle to take-off. Emission indices (EIs) for more than 200 NMOGs 

were quantified, and the functional group fractions (including acids, carbonyls, aromatics, 

and aliphatics) were calculated to characterize the exhaust chemical composition at 

different engine operation modes. Total NMOG emissions were highest at idling with an 

average EI of 7.8 g/kg fuel and were a factor of ~40 lower at take-off thrust. The relative 

contribution of pure hydrocarbons (particularly aromatics and aliphatics) of the engine 

exhaust decreased with increasing thrust while the fraction of oxidized compounds, e.g. 

acids and carbonyls increased. Exhaust chemical composition at idle was also affected by 

engine technology. Older engines emitted a higher fraction of non-oxidized NMOGs 

compared to newer ones. Idling conditions dominated ground level organic gas emissions. 

Based on the EI determined here, we estimate that reducing idle emissions could 

substantially improve air quality near airports.  
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4.1 Introduction  

Most emissions of non-methane organic gases (NMOGs) at airports come from aircraft 

turbine engines during flight-related operations (Kim, 2009). These emissions, including 

oxygenated species and both saturated and unsaturated hydrocarbons, potentially impact 

human health by inhibiting respiratory function or serving as precursors for ozone and 

secondary organic aerosol production, which has a variety of harmful effects (Ferry et al., 

2011; Hallquist et al., 2009; Lai et al., 2012; Tunnicliffe et al., 1999; Westerdahl et al., 2008; 

Whelan et al., 2003). For example, NMOGs observed at airports include polycyclic aromatic 

hydrocarbons (PAHs) (Iavicoli et al., 2007), which have been identified as carcinogens in 

animal experiments and epidemiological studies (Armstrong et al., 2004; Negri & Vecchia, 

2007), and may increase childhood obesity risk upon maternal exposure (Rundle et al., 

2012). Air pollution from aircraft emissions is a concern not only within the airport itself but 

also in surrounding regions (Hudda et al., 2014; Unal et al., 2005). For example, hospital 

admissions for respiratory conditions were found to be significantly higher for residents 

living within five miles of three airports in New York State compared to those living farther 

than five miles away (Lin et al., 2008). 

NMOG emission inventories are based on engine emissions certification data for an 

idealized landing and take-off cycle (LTO). The LTO defined by the International Civil Aviation 

Organization (ICAO) consists of four operating modes defined by thrust setting and time in 

each mode. These operating modes represent idling (7%), approach (30%), climb-out (85%), 

and take-off (100%), respectively. Engine emissions calculated with the LTO cycle are then 

used to verify that engines comply with regulatory emission limits. Although not originally 

intended for quantitative assessment of airport air quality, the ICAO LTO cycle and standard 

atmosphere emission factors are often used to generate airport emission inventories below 

3000 ft (~915 m) (ICAO, 2011). Emissions of organic gases by aircraft engines are highest on 

the ground at low power settings (thrust <30%) (ICAO, 2008). Aircraft NMOG emissions 

decrease with increasing engine thrust by about two orders of magnitude (Anderson et al., 

2006; Herndon et al., 2006; Knighton et al., 2007; Slemr et al., 2001; Spicer et al., 1994; 

Timko et al., 2010). Although ICAO suggests 7% thrust as a reference for idle and taxi 

operations, in practice aircraft operate between 2.5 and 7% thrust, depending on ambient 

conditions (Gerencher, 2005; Morris, 2005). 

At low thrust, total hydrocarbon (HC) emissions are extremely sensitive to whether the 

engines are operated at the low or high end of the idling range. For example, compared to 

7% thrust, HC emissions at 5% thrust could be 130% higher (Kim & Rachami, 2008). This 

variability in the idling conditions, as differences between measurement methods, has led to 

uncertainties of an order of magnitude in total HC EI (~1-10 g/kg fuel) reported in previous 

studies(Anderson et al., 2006; Herndon et al., 2006; Knighton et al., 2007; Slemr et al., 2001; 

Spicer et al., 1994; Timko et al., 2010; Yelvington et al., 2007). These previous studies have 
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indicated that additional measurements for engine thrust levels below 7% are required in 

order to better quantify and characterize the NMOG emissions from turbine engines.  

Previous studies relied mostly on either offline measurements or sampling of only a few 

compounds from a single engine operated over a limited thrust range. Spicer et al. (1994) 

reported the mixing ratios of non-oxidized HCs (alkanes, alkenes, alkynes, aromatics) and 

some oxidized NMOGs (aldehydes and ketones) for varying thrust levels. Anderson et al. 

(2006) measured the non-methane HC relative contribution (%) by mass and number of 

carbons in each compound as a function of thrust. Beyersdorf et al. (2012) determined 

aldehydes and other selected oxygenated HCs as well as pure HCs at varying thrust levels 

corresponding to the LTO cycle. However, more comprehensive speciation and 

quantification of NMOGs emitted by aircraft are required in order to better understand, 

predict, and mitigate the impact of aircraft operations on local air quality.  

In this study, more than 200 compounds measured online by using a high-resolution proton 

transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS) for seven in-service aircraft 

turbine engine types at varying thrust settings. This study focuses particularly on the 

potential differences between the taxi mode emission factors obtained from ICAO emission 

certification and emission factors measured in the engine test cell at various low thrust 

conditions.  

4.2 Experimental methods  

4.2.1 Sampling setup 

All measurements were conducted at the SR Technics engine test cell during July-October 

2014. The emission measurements were performed on ten engines during engine 

maintenance inspection runs, utilizing seven engine types from two manufacturers (Table 

S4-1). Inspection runs typically consisted of a standardized thrust matrix including ten 

minutes of engine idle, a five-minute stepwise increase to take-off thrust and an additional 

15-minute idling phase at the end, although the precise protocol depended on the 

maintenance service performed.  

The engines were measured in a standard test configuration, meaning that they did not 

mechanically drive accessory loads and there was no compressor bleed air extraction during 

these tests. The thrust levels reported here correspond to measured static force produced 

by the engine corrected for ambient (temperature and pressure) and test cell (airflow) 

effects. The correction reference is the international standard atmosphere (ISA) at sea level 

(15°C, 1013.25 hPa). Due to variable ambient conditions on the different test days, the 

actual combustor conditions required to reach the same thrust in each experiment are 

slightly different, and this difference affects the emissions. Ambient conditions can be found 

in Table S4-1. In addition, we note that in-service engines were used for these tests, while 
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ICAO engine emission certification applies to the emission performance of a certain number 

of brand new engine specimens.  

 

Figure 4-1: Simplified sketch of the experimental setup . 

The measurement setup is shown in Figure 4-1. The aircraft engine exhaust was sampled by 

a single point 8 mm inner diameter probe located ~1.5 m downstream of the engine exit 

plane. The single point measurement has limitations in terms of representativeness of the 

entire exhaust in comparison with the ICAO certification measurement, where at least 12 

sampling locations have to be used and carbon balance checks have to be performed. The 

location of the single point probe has been optimized to match expected CO2 emissions at 

specific thrust settings for engine 1 (Table S4-1). The sampling flow was directed through a 

line heated to 160°C and diluted with synthetic air (99.999% purity) using two ejector 

dilutors (DEKATI DI-1000) to 1/10 for most of the tests and ~1/100 for idling tests (thrusts 

≤7%). Sampling was then performed from 3 points: raw gas line (undiluted), diluted line, and 

aged-diluted line. CO, CO2, NOx, and SO2 were measured on the raw gas line with a multi-gas 

analyzer (PG250, Horiba Inc.).  

Diluted emissions were sampled through lines heated to 120°C and used for the primary gas 

and particle measurements. A flame ionization hydrocarbon detector (APHA 370 THC 

Monitor) and a PTR-ToF-MS (discussed below) were used to quantify and characterize 

NMOG emissions. CO2, CO, CH4 and H2O mixing ratios were measured by a Picarro G2401 

Cavity Ring-Down Spectroscopy (CRDS) analyzer. An Aerodyne high-resolution time-of-flight 

aerosol mass spectrometer (AMS) was used to measure the chemical composition of the 
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non-refractory submicron particles (NR-PM1) (DeCarlo et al., 2006). Particle size and number 

distribution in the size range 20 to 640 nm were measured with a time resolution of 130 s by 

a scanning mobility particle sizer (SMPS), consisting of a neutralizer (Kr-85 source), a TSI-

type PSI-built short differential mobility analyzer (DMA), and a TSI model 3772 condensation 

particle counter (CPC). Particle optical extinction (both absorption and scattering) was 

monitored by Cavity Attenuated Phase Shift Spectroscopy (CAPS, Particle Extinction 

Monitor, Aerodyne Research Inc.) (Kebabian et al., 2007). The concentration of optically 

absorbing particles for varying wavelengths was also measured before and after aging by 

two aethalometers (Magee Scientific Model AE33), denoted Aeth.1 and 2 in Figure 4-1 

(Drinovec et al., 2015). 

In addition, a potential aerosol mass (PAM) reactor was used to simulate emission aging, 

with a volume of 13.3 liters and a continuous flow of 7.6 l min-1. Two mercury lamps (λ=182 

nm) were used to irradiate O2 for the formation of OH radical as a consequence (Bruns 

et al., 2015; Kang et al., 2007). Measurements of the aged exhaust including the secondary 

aerosol were conducted after passing the emissions through the PAM, while the primary 

emissions were measured by bypassing the PAM. Here only the gas phase emissions are 

presented while the primary and secondary aerosols will be discussed in a future 

publication.  

4.2.2 PTR-ToF-MS 

The PTR-ToF-MS (PTR-TOF 8000, Ionicon Analytik G.m.b.H.) quantifies organic gases (OG) 

having a higher proton affinity than water (Graus et al., 2010; Jordan et al., 2009). It consists 

of (i) a hollow cathode ion source where the hydronium ions (H3O+) are produced from 

water, (ii) an ion transfer unit (“drift tube”) where protonation of the OGs is achieved by 

OG-H3O+ reaction and (iii) a time-of-flight mass spectrometer. H3O+ from the ion source and 

sample containing OGs are pulled into the drift tube where proton transfer reactions occur 

between hydronium ions and OGs. Protonated OGs are directed to the time-of-flight mass 

spectrometer where the H3O+ and positively charged OG molecules are extracted. The PTR-

ToF MS was operated with one second time resolution, a drift voltage (Udrift) of 550 V, a drift 

chamber temperature (Tdrift) of 60 oC, and a drift pressure (pdrift) of 2.2 mbar maintaining a 

reduced electric field (E/N) of ~120 Townsends (Td). Tofware post-processing software 

(version 2.4.5, TOFWERK AG, Thun, Switzerland; PTR module as distributed by Ionicon 

Analytik GmbH, Innsbruck, Austria), running in the Igor Pro 6.3 environment (Wavemetrics 

Inc., Lake Oswego, OR, USA), was used for data analysis. Volume mixing ratios (ppbv) of the 

protonated VOCs were calculated according to De Gouw and Warneke (2007) as shown in 

Eqn 4-1: 
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𝑂𝐺𝑝𝑝𝑏𝑣 = 1.657𝐸– 11 ×
𝑂𝐺+

𝐻3𝑂+ ×
𝑈𝑑𝑟𝑖𝑓𝑡[𝑉]𝑇𝑑𝑟𝑖𝑓𝑡

2 [𝐾]

𝑘[
𝑐𝑚3

𝑠
]𝑝𝑑𝑟𝑖𝑓𝑡

2 [𝑚𝑏𝑎𝑟]
×

𝑇𝑅
𝐻3𝑂+

𝑇𝑅𝑂𝐺+
  Eqn 4-1 

Here OG+ is the protonated OG molecule counts, H3O+ is the hydronium ion count, and 

TRH3O+ and TROG+ are the hydronium and OG transmission coefficients, respectively. We used 

rate coefficients for the H3O+/OG reaction, k, measured by Cappelin et al. (2012). For species 

with no reported reaction rate coefficients, a rate coefficient of 2x10-9 cm3/s was assumed 

(Table S4-2). The transmission function of the mass spectrometer was quantified using gas 

standards of 12 compounds (100 ppbv each) with varying mass-to-charge ratio (m/z) from 

m/z 33 to 181 (Carbagas AG., Zurich, Switzerland). 

Due to the exothermic proton-transfer reaction, some intra-molecular bonds are broken 

during the chemical ionization in the drift chamber. This causes fragmentation of some 

compounds, depending on the chamber conditions and the functional groups in the 

molecules (Gueneron et al., 2015). Assignment of these fragment ions to the corresponding 

parent ions is important to for quantification. The EIs were corrected by accounting for this 

fragmentation. A detailed fragmentation table for aldehydes using the current drift chamber 

conditions can be found in Klein et al. (2016), and fragmentation patterns for other 

functional groups under similar chamber conditions are reported (E/N ~120 Td) in other 

studies (Brown et al., 2010; Buhr et al., 2002; Erickson et al., 2014). 

Identified peaks and their associated molecular formulas were determined based on high-

resolution analysis and are given in Table S4-2 with their functional group-based 

classification (acids, alcohols, aliphatics, aromatics, carbonyls, unclassified hydrocarbon 

fragments, nitrogen and sulfur containing compounds, other oxygen containing compounds 

and unidentified peaks). Unclassified hydrocarbon fragments denote hydrocarbon 

fragments that cannot be unambiguously assigned to a parent ion. These include not only 

fragments of larger hydrocarbons (mostly molecules with a carbon number greater than 

five), but also from carbonyls or alcohols. The oxygen-containing molecules class consists of 

oxygen-containing ions whose molecular structure and/or parent ion is uncertain.  

The PTR-ToF-MS does not detect OGs with a proton affinity lower than that of water, 

including most alkanes with carbon numbers less than 14 and two alkenes (ethylene and 

acetylene). Therefore, the total OG mixing ratios measured by PTR-ToF-MS were expected 

to be lower than the total NMOG concentration. Compounds not detected by the PTR-ToF-

MS were measured using alternative methods. Specifically, methane was quantified by a 

flame ionization hydrocarbon detector (APHA 370 THC Monitor), while undetected alkanes 

and alkenes were quantified by gas chromatography/mass spectrometry. 
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4.2.3 Calculation of emission indices 

NMOG mixing ratios were averaged for at least three minutes at stable engine conditions 

(Figure S4-1). The averaging periods began with the stabilization of the NMOG signal and 

lasted until the change of the thrust (Figure S4-1). NMOG emission indices were quantified 

on a fuel-consumption basis using carbon balance: 

𝑁𝑀𝑂𝐺 𝐸𝐼 [
𝑔

𝑘𝑔𝑓𝑢𝑒𝑙
] =

𝑁𝑀𝑂𝐺

𝐶𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
×

𝑀𝑁𝑀𝑂𝐺

𝑀𝐶
× 𝐶𝑓  Eqn 4-2 

where NMOG is the background-subtracted NMOG mixing ratio (ppbv), MNMOG and MC are 

the molecular weights of NMOG and carbon, respectively. Cf is the carbon fraction of fuel, 

calculated as 0.857, by analyzing the JET-A1 fuel hydrogen, carbon and nitrogen content 

(H:C molecular ratio of 1.99) based on ASTM D 5291 (ASTM, 1996) (Eqn 4-2).  

𝐶𝑓 =
𝑀𝐶

𝑀𝐶+[1.99 𝑥 𝑀𝐻]
   Eqn 4-3 

Here MH is the molecular weight of hydrogen. The total carbon mixing ratio (Cconsumed, ppbv 

C), was calculated as: 

𝐶𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = [ 𝐶𝑂2 +  𝐶𝑂 +  𝐶𝑁𝑀𝑂𝐺  ]   Eqn 4-4 

The carbon contributions from CO and NMOGs were typically ~0.6% and <0.1%, 

respectively, except at thrust ≤ 5% when both increased to the range of 10-15% and 3-5%, 

respectively.   

Average NMOG (kg/LTO) emitted by aircraft during LTO cycle, were quantified based on 

ICAO suggested flight mode durations and fleet average fuel consumptions (Table S 4-3): 

𝑁𝑀𝑂𝐺 [
𝑘𝑔

𝐿𝑇𝑂
] = ∑ ( 𝐹𝐶𝑛 [

 𝑘𝑔𝑓𝑢𝑒𝑙

𝑠𝑒𝑐
] × 𝑁𝑀𝑂𝐺 𝐸𝐼𝑛 [

𝑔

 𝑘𝑔𝑓𝑢𝑒𝑙
] × 𝐹𝐷𝑛 [𝑠𝑒𝑐] × [

𝑘𝑔

103𝑔
] × 𝑁)

4

𝑛=1

 

Eqn 4-5 

where FCn denotes the fuel consumption during one of four LTO flight modes, N is the 

number of engines operating and the FDn is its duration.  
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4.3 Results and discussion  

4.3.1 Dependence of total NMOG on operating mode  

Figure 4-2 shows the NMOG EIs measured as a function of thrust for all experiments, 

separated by engine model. Figure 4-2 also shows this data reclassified into six thrust bins, 

corresponding approximately to the LTO operating modes. The thrust range below 8% was 

split into two bins to highlight the dependence of NMOG emissions on the specific idling 

conditions. Each NMOG EI in Figure 4-2 is the sum of all compounds quantified via PTR-ToF-

MS per fuel consumed (an example mass spectrum is shown in Figure S4-2 for an idling 

test).   

 

Figure 4-2: Mean total NMOG emission index (g/kg fuel) and standard deviation (CI: 
95%) as a function of thrust for engines operated in the SR Technics test cell. “e” is the 
number of engines tested and “n” is the total number of tests at the designated thrust. 
Inset: NMOG EIs for individual measurements as a function of thrust, separated by 
engine model (numbers) and thrust rating (pink=engines of the higher thrust rating 
with a range of 244.6 – 311.4 kN, green= engines of the lower thrust rating with a 
range of 111.2 – 155.7 kN).  

NMOG EIs at idling (thrust ≤7 %) were much higher than in all other LTO flight modes (Figure 

4-2). Further, average NMOG EIs observed at 2.5-5% (average ~7.8 g/kg fuel) were higher 
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than at 6-7%. It was previously proposed that reducing the ICAO standard idling thrust of 7% 

by 1% leads to a rise of the idling THC EI by ~60% (Kim & Rachami, 2008). Here, NMOG EI at 

thrust levels below 7% could be about three times higher than the ICAO standard idling 

thrust of 7%. The mean NMOG EI at a thrust of 7% and below 7% was about 2.9 and 7.8 g/kg 

fuel, respectively. Assuming a 7% thrust level for idling, as used in ICAO emission 

certification leads to an underestimated EI when actual (in-operation) thrust levels are 

lower than 7%. 

Total NMOG emission was highest at idle with an average EI of 7.8 g/kg fuel and decreased 

with increasing thrust by a factor of ten at thrust of 30-45%, reaching 0.15 g/kg fuel at take-

off thrust. The 60-100% thrust range had relatively constant EIs of ~0.1 g/kg fuel, with a 

slight increase at 95-100% thrust. This trend is consistent with expectations, as jet engines 

are optimized for the higher loads required for higher thrusts, and the combustion at these 

conditions is thus more efficient. 

Compared to test cell conditions, installation of an engine in an operating aircraft can 

increase the load required up to 2.6% of the thrust to achieve a given thrust while using air 

bleed extraction. The increased power demand during real-world operation includes driving 

accessory loads like generators (for in-cabin demands) and compressor bleed air off-take for 

air conditioning or de-icing. Thus, while test cell measurements enable improved control 

over both engine thrust settings (engine stability at a given thrust) and sampling conditions 

(robustness, repeatability, removal of ambient factors such as wind speed), real-world 

engine emissions will correspond to a higher-than-expected test cell thrust. In the case of 

idle operation, where NMOG emissions decrease sharply with increasing load, Figure 4-2 

represents a worst case for real-world operation at a given idle thrust setting (3-7%). 

Conversely, Figure 4-2 underestimates the emissions at higher-than-optimal thrust (e.g. 

take-off), but as the total NMOG emission factors at the highest thrusts are 1-2 orders of 

magnitude lower than idle and only a short time is spent at such conditions the effect of 

such an underestimation on near-airport air quality is expected to be small. Additionally, the 

average idle thrust during an aircraft taxi also depends on the number of stops and 

accelerations required to reach the runway or gate. This significantly increases uncertainty 

in aircraft emission indices and environmental impacts.  

4.3.2 Dependence of NMOG Composition on Operating Mode  

Figure 4-3 plots EIs and mass fractions of different compound classes for the investigated 

thrust bins. Carbonyls were the most abundant compound class in exhaust, comprising 39% 

of the total NMOG during idle (thrust ≤7%) with an EI of ~3 g/kg fuel. Hydrocarbons with a 

fraction of 38% were the second most abundant compound class in the exhaust for these 

idling thrust settings consisting of aliphatics, aromatics, and unclassified hydrocarbon 

fragments, which contributed 6.7%, 17.3%, and ~14%, respectively. Acids accounted for 

9.2% of the total NMOG. The remaining 20% consisted of nitrogen containing compounds 
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(~5%), other oxygen containing compounds (~11%), alcohols (~3%) at idling. Moreover, 

there was a 1% fraction of sulfur containing compounds together with “unidentified” 

compounds quantified at all thrust settings. 

Functional group EIs and mass fractions (derived from attribution of NMOGs shown in Table 

S4-2) indicate that the hydrocarbon fraction decreased with thrust while the oxygenated 

fraction increased, as shown in Figure 3. At low thrust levels (<8%) aromatics, as part of the 

HC fraction, accounted for ~17% of the total NMOG mass. This aromatic fraction decreased 

to ~8% of the total NMOG mass with an average EI of ~15 mg/kg fuel at take-off thrust. 

Similar to aromatics, the aliphatic fraction was also reduced to 3.8% at take-off from a 

fraction of ~7% at idle.  

About 60% of the aromatic fraction by mass consisted of benzene derivatives. At thrust 

setting ≤7%, the most abundant benzene derivatives were from highest to lowest 

contribution C4-benzenes (C10H14), C3-benzenes (C9H12) benzene (C6H6), C2-benzenes (C8H10) 

toluene (C7H8) and C5-benzenes (C11H16), with mass fractions of 14%, 11%, 11%, 10%, 7% 

and 5% of the total aromatics, respectively. The remaining individual aromatic compounds 

contributing to the total aromatic fraction were styrenes (13%), polycyclic aromatics (6%), 

unspeciated compounds with the formula C11H14 (3%) and other single-ring aromatic 

compounds with a carbon number higher than 11 (18%). 

Two evaluate whether gas-phase aromatics in the exhaust originate from the fuel aromatic 

content, the evaporation of JET-A1 fuel at room temperature (24°C) and pressure (970 hPa) 

was measured.  The aromatic composition of the vapors was similar to idle emissions (see 

Figure S4-3), but contained less benzene and toluene. C4-benzenes, C3-benzenes, C2-

benzenes and C5-benzenes were the top four most abundant aromatics measured in the 

fuel vapor, while benzene and toluene comprised only 1.5%. However, as benzene and 

toluene mixing ratios (ppbv) were ten times more abundant in the exhaust at idle relative to 

fuel vapor, they are likely formed as a result of the pyrolysis of other hydrocarbons in the 

engine combustion chamber (Erickson et al., 2014). 

The mass fraction of the oxygenated species increased with engine thrust. Carbonyls 

dominated at each thrust level, ranging from 33% to 43% (by mass). Among the carbonyls, 

formaldehyde (CH2O) and acetaldehyde (C2H4O) alone accounted for 5% and 8% of the total 

NMOG emission by mass, respectively. Although carbonyls were the most abundant species 

at each thrust level, the rise in the oxygenated fraction at thrust levels above 40% thrust 

was mostly due to the acids. The carboxylic acid fraction increased to 27% at take-off thrust 

from a fraction of ~10% at thrusts < 8% (Figure 4-3). Acetic (C2H4O2) and formic (CH2O2) acid 

constituted ~61% and 31% of the acidic fraction at during idle, respectively. The fraction of 

C2H4O2 and CH2O2 accounted for ~49% each when the thrust was increased to take-off 

thrust.  
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Figure 4-3: Mass fractions (%) of different compound classes presented as horizontal 
bars for the thrust bins (top panel). The emission indices of functional groups (in log 
scale) are shown in the bottom panel.   

4.3.3 Dependence of NMOG composition on engine type at idling 

The impact of thrust rating (engine size), last maintenance date and technology on NMOG 

emission was studied by estimating total NMOG EI and composition for idling as shown in 

Figure 4-2 and Figure 4-4, respectively. Figure 4-4 indicates the compound class fractions 

and EIs of the seven engines for the thrust settings ≤ 7%. The engines 1, 2, 3 and 4 were 

built by one manufacturer, and engines 5, 6, and 7, by another. Engines 5, 6 and 7 use at 

least a 10 years older technology compared to the others. This second set of engines also 

had higher maximum thrust rating, enabling them to generate greater thrust (Table S4-1). In 

addition, maintenance procedures varied from engine to engine. For example, engines 1, 5, 

6 and 7 were tested without being refurbished. This engine refurbishment includes cleaning 

and/or renewal of the engine parts.  

Engines 1, 5, 6 and 7 (non-refurbished engines) had higher total NMOG EIs on average 

during idling (See Figure 4-2, thrust ≤7%) compared to engines 2, 3 and 4 (refurbished). This 

may imply that the used engines emit higher NMOG at idle or the time in service – duration 

of use after last maintenance– may affect the total NMOG emission at idle. Engine 2 had the 

lowest idling-NMOG-EIs at idle as shown in Figure 4-4. However engine 2 also had fewer 

samples compared to other engines.  

Corresponding differences were also observed in the NMOG composition. The HC fraction 

(sum of aliphatics, aromatics, unclassified HC fragments) of engines 6 and 7, with fractions 

of 39% and 40% respectively, were at least 3.5% higher compared to the engine 4 which had 

the third highest HC fraction among the engines tested with 35.5% (Figure 4-4 top panel). 
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Most of the variability in the HC fraction was due to the varying aromatic and aliphatic 

contribution. In addition to not being in the freshly maintained engine group (non-

refurbished), engines 6 and 7 generate biggest take-off thrust and have bigger dimensions 

compared to other engines. This implies that engine thrust rating (maximum take-off thrust 

capacity) also affects exhaust chemical composition at idle.  

 

Figure 4-4: NMOG composition at idle for the different engines tested (top). The 
engines are sorted according to their thrust rating from lowest (top) to highest 
(bottom). Average idling (thrust≤7%) EI of the different compound classes  with the 
confidence interval (CI: 95%) are shown in the bottom panel. Blue markers denote 
engines within the thrust rating range of 111.2 -155.7 kN, green markers those within 
the range of 244.6-311.4 kN. 

4.3.4 Implications for ambient air quality  

More than 90% by mass of aircraft NMOG emissions during an LTO cycle can be attributed 

to taxi-idle operation. Emissions from these conditions dominate because of both the high 

idling EIs observed during idling (Figure 4-2) and the large fraction of time spent by an 

aircraft in idling during near-airport operation; i.e., idling accounts for 26 minutes of the 33 

minute standard LTO cycle (ICAO emissions certification procedure LTO cycle as shown in 

Table S 4-3).  
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LTO emissions for idling aircraft utilizing several engine operation protocols were calculated 

using Eqn 4-5. The amount of NMOGs emitted by each turbine engine installed was 0.56 

kg/LTO when idling at 6-7% while this amount was elevated to 1.26 kg/LTO at idling <6% 

(Table S 4-3). Although all engine operation at ≤7% thrust is nominally classified as taxi/idle, 

it was shown above that the precise thrust used has a major effect on the total NMOG 

emissions.   

Currently, ICAO recommends 7% thrust to estimate aircraft NMOG emissions at the airport. 

Our LTO-based estimates, using test-cell EIs, indicate that this value may underestimate real 

emissions by up to ~50%. Note that the magnitude of the difference in LTO emissions 

between 2.5-5% and 6-7% thrust levels is smaller than the EIs measured at these conditions 

(Figure 4-2) would indicate, since a lower fuel consumption rate is obtained at 2.5-5% (see 

Table S 4-3), partially offsetting the less efficient engine operation.  

The NMOG emissions indices and NMOG composition reported in Figure 4-2 and Figure 4-3 

can be used in conjunction with emission inventories to assess the impact of airports on 

local air quality. As a frame of reference, we compare aircraft emission factors at idle (which 

as discussed above govern near-airport emissions) to those measured from on-road vehicles 

during regulatory driving cycles. Here we use the emissions of benzene and other light 

aromatics measured, such as toluene and C2-C4 alkylated benzenes, as an example. 

Benzene and light aromatics account for 0.12 and 0.6 g/kg fuel of the total NMOG emission 

from an aircraft at idle (thrust 2.5-5%), respectively. Platt et al. (2014; 20174) compiled 

emissions from several types of on-road vehicles using the New European Driving Cycle 

(NEDC). The study reports 0.01 and 0.03 g/kg fuel for benzene and light aromatics, 

respectively from a new heavy-duty diesel vehicle (HDV), and 0.03 and 0.1 g/kg fuel for 

benzene and light aromatics, respectively for a light-duty Euro 5 gasoline vehicle (LDV). 

Compared to an HDV vehicle (during NEDC), an idling twinjet (aircraft powered by two 

engines) can emit up to 24 times more benzene and 40 times more light aromatics per kg 

fuel. Further, the same airliner at idle can emit 12 times more benzene and light aromatics 

compared to an LDV vehicle during NEDC. Given that aromatic compounds are linked with 

SOA formation (Ng et al., 2007), an international airport could be a major source of SOA for 

the regions nearby.  

Due to the dominant contribution of idling emissions to total ground-level aircraft NMOG 

emissions, shut-down of half the aircraft engines at idle represents a potentially beneficial 

emission reduction strategy. This shut-down not only eliminates emissions from the 

deactivated engine, but increases the power load of the engines remaining in operation, 

which as shown in Figure 4-2 leads to more efficient operation and lower emissions per fuel 

consumed. For a twin-engine aircraft, operation of a single engine at idle increases the load 

by about 1.5 – 3% (Morris, 2005). For a four-engine aircraft, operation of only two engines 

at idle increases the load by about 1%. The effects of this shut-down on aircraft emissions 

from a single engine can be roughly estimated as a change from the 2.5-5% to 6-7% thrust 
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bins in Figure 4-2. As shown in Eqn 4-5, the total LTO emissions for an aircraft depend not 

only on EI, but also on the number of engines (N) in operation and the fuel consumption 

rate of each engine. Although operation of only a single engine increases the per engine fuel 

consumption (FCn) at idle to 0.114 kg/sec from 0.09 kg/sec, NMOG emission (NMOG EI) 

decreases to 2.9 g/kg fuel from 7.8 g/kg fuel. We therefore estimate that average NMOG 

emission from a twinjet would decrease from 2.23 kg/LTO to 0.56 kg/LTO (approximately a 

factor of 4) when only a single engine is used during taxi/idle operations (Table S 4-3). This 

reduction in NMOG emission results from increased engine efficiency due to increasing 

engine power demand, as well as a decrease in the total fuel consumed. Therefore, engine 

shut-down at idling could improve air quality in the airport micro-environment because it 

may reduce NMOG emission from aircraft. However, this emission reduction only applies in 

practice if the aircraft does not use its auxiliary power unit when a reduced number of 

engines are operating. Other alternatives to reduce gaseous pollutant concentrations from 

aircraft could be the use of electric tow tractors, which reduce the idling duration.  
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4.4 Supplementary information 

 

Figure S4-1: Time series data from the engine test performed on 23.07.2014 is given as 
an example. CO2, CO (ppmC) measured from the raw gas line. Benzene and toluene 
mixing ratios (ppbv) were measured by the PTR-ToF-MS. The blue shaded regions  
highlight stable engine conditions (90% and 3% thrust). Only data from the stable 
periods (shaded areas) were used to estimate average EI.  Such engine tests performed 
after maintenance services had shorter durations e.g. at most 10 minutes at a given 
thrust setting. Because of the short test durations, the NMOG signal  was not stable in 
the unshaded regions. The durations of “dedicated engine tests”, performed in 
September-October 2014, were longer (at least 10 minutes at given thrust setting) 
compared to these technical checks . 
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Figure S4-2: A sample PTR-ToF-MS mass spectrum at idling 5% for a turbine engine 
from July 2014. 

 

 

Figure S4-3: Molar fractions of aromatics during the fuel evaporation test at 
laboratory temperature (24oC). The four most abundant peaks were C 1 0H1 4, C9H1 2,  
C8H1 0 and C1 1H1 6 in JET-A1 fuel as shown by text on the mass spectrum.  
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Table S4-1: Engine test parameters. 

Engine model Thrust rating (kN) Ambient temperature (oC) Ambient pressure (hPa) 

Engine 1 111.2-155.7 ~13.0 958 

16.0-18.0 972 

17.0-20.0 979 

Engine 2 111.2-155.7 ~15.0 965 

19.0-23 972 

Engine 3 111.2-155.7 24.3-27.0 972 

Engine 4 111.2-155.7 22.3-24.6 965 

Engine 5 244.6-311.4 ~20.0 965 

Engine 6 244.6-311.4 ~19.0 965 

Engine 7 244.6-311.4 17.0-21.0 972 

 

Table S4-2: PTR-ToF-MS peak list (accounts for 95% of the total NMOG mass) including 
compound formula, molecular mass, corresponding functional group, the reaction rate 
constant for “NMOG+ H3O+” reaction from ( Cappellin et al., 2012), and the average 
emission indices with the standard deviation (+/ -) for varying thrust settings. 

Compound 
Formula 

m/z 
detected 

Category 
k rates 
[10-9 
cm3/s] 

Thrust Setting 

3-5% 6-7% 30-45% 95-100% 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 

C2H5O+ 45.034 Carbonyl 2 446 571.5 236.4 149.4 6.7 2.2 8.4 7.6 

C2H5O2
+ 61.028 Acid 2.25 356.2 591.2 206.8 181.5 10.7 3 15.1 10.3 

C4H9
+ 57.070 Non-arom HC 1.8 282.9 456.3 101.7 92.4 20.4 15.5 4.2 1.6 

C9H13
+ 121.101 Aromatic 2.4 212.5 431.6 36.4 26.7 1.9 1.5 1.2 0.8 

C4H7
+ 55.054 Non-arom HC 1.76 202.5 348.7 55.7 36.9 1.9 1.2 2.8 1.5 

C3H7
+ 43.054 Non-arom HC 1.62 197.4 292.4 60.9 48.7 1.8 1.1 1.5 1.5 

C3H5O+ 57.034 Carbonyl 3.55 193.6 335.3 80.3 70.6 0.7 0.1 0.9 0.6 

CH3O2
+ 47.013 Acid 1.99 184.3 255.5 147.3 134.3 11.2 1.1 15.9 13.1 

C10H15
+ 135.117 Aromatic 2 176.4 344.3 29.3 22.2 1.7 1.3 1.4 0.6 

C3H7O+ 59.049 Carbonyl 3.32 173.5 240.2 90.7 70.3 9.7 6.4 7.6 7.7 

CH3O+ 31.018 Carbonyl 2.73 173.3 162.35  127.5 107.8 2.6 0.7 1.8 2.9 

C6H7
+ 79.054 Aromatic 1.93 188.3 349.1 46.6 33 0.5 0.3 0.5 0.4 

C8H11
+ 107.086 Aromatic 2.26 167.4 339.7 31.2 23.8 1.7 1.4 0.9 0.7 

C2H3O+ 43.018 O-containing 3.12 152.7 194.1 83.3 54.2 4.1 1 6.6 6.4 

C5H9
+ 69.070 Non-arom HC 2.06 140.1 255.8 31.2 21.1 1.4 0.9 1.7 1 

C4H7O+ 71.049 Carbonyl 3.3 123.2 220.2 44.2 36.6 0.7 0.2 1 0.6 

C6H11
+ 83.086 Non-arom HC 2.08 121.8 227.2 25.6 17.3 2.5 1.8 2.5 1.1 

C7H13
+ 97.101 Non-arom HC 2.09 114.2 216.8 26.2 24.4 2.3 1.9 1.4 0.8 
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(Table S4-2 continued) 

Compound 
Formula 

m/z 
detected 

Category 
k rates 
[10-9 
cm3/s] 

Thrust Setting 

3-5% 6-7% 30-45% 95-100% 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 

C7H9
+ 93.070 Aromatic 2.08 111.9 217.5 27.6 20.6 2.1 1.7 1.5 2 

C3H5O2
+ 73.029 Carbonyl 2 105.8 159.8 56 60.6 2.2 0.5 3.3 1.8 

C5H11
+ 71.086 Alkene 1.9 99.1 179.6 17.9 11.3 1.4 1 1 0.6 

C11H17
+ 149.133 Aromatic 2 93.8 180.7 15.9 11.5 1.1 0.8 0.8 0.4 

C9H11
+ 119.086 Aromatic 2 89.4 187.6 15.9 9.5 0.4 0.3 0.5 0.2 

C10H13
+ 133.101 Aromatic 2 82.4 171.3 12.8 8 0.5 0.4 0.5 0.3 

C4H7O2
+ 87.044 Carbonyl 1.7 78.7 117.8 37.5 40.7 1.9 0.7 2.8 1.4 

C8H15
+ 111.117 Alkyne 2 76.4 148.4 12.4 9 1.5 1.2 0.9 0.5 

C9H11O+ 135.080 Carbonyl 2 76.1 174.1 19.3 14.6 0.6 0.4 0.6 0.6 

C3H5
+ 41.039 Alkene 2 71.6 47.5 59.2 44.3 1.9 1.1 2.1 2.7 

C5H7O+ 83.049 Carbonyl 2 69.9 140.2 20.8 15.7 0.3 0.2 0.5 0.3 

C5H9O+ 85.065 Carbonyl 2.2 69 125.6 19.9 16.1 0.6 0.3 1.4 0.9 

C6H9+ 81.070 Non-arom HC 2 67.9 127.2 12.4 7.7 0.8 0.6 0.8 0.6 

C8H9
+ 105.070 Aromatic 2.27 65.9 136.5 13.4 8.4 0.3 0.2 0.4 0.3 

C6H7O+ 95.049 Alcohol 2 62.9 142.9 20.3 13.6 0.9 0.6 1 0.9 

C8H9O+ 121.065 Carbonyl 3.48 62.3 138.6 19.6 14.7 0.4 0.2 0.4 0.4 

C11H15
+ 147.117 Aromatic 2 61.9 124.5 9.6 6.4 0.7 0.5 0.5 0.3 

C6H13
+ 85.101 Alkene 2.04 61.1 114 10 6.4 0.8 0.6 0.6 0.3 

C5H7
+ 67.054 Non-arom HC 1.83 59.8 112.9 11.4 7.6 0.2 0.2 0.3 0.3 

C7H11
+ 95.086 Alkane (fragment) 2 59 107.7 10.7 6.5 0.9 0.7 0.6 0.4 

C11H11
+ 143.086 Aromatic 2 57.2 114.5 16 16.7 0.8 0.5 0.8 0.6 

C7H7O+ 107.049 Carbonyl 3.82 56.3 111.9 22.2 17.9 0.8 0.3 0.7 0.4 

C4H3O3
+ 99.008 Carbonyl 2 55.5 71.6 47.7 78.7 2 0.6 4.1 3.8 

C6H9O+ 97.065 Carbonyl 2 53.1 110.1 13.2 10.2 0.3 0.2 0.5 0.3 

C4H9O+ 73.065 Carbonyl 3.2 51.8 77.2 27.5 25.8 2 1.2 5.4 7.5 

C4H5O3
+ 101.023 Carbonyl 2 49.5 70.9 31.6 48 2 0.3 3.6 1.6 

C12H19
+ 163.148 Aromatic 2 49 93.7 8.6 6.6 0.7 0.5 0.5 0.4 

C4H5O+ 69.034 Carbonyl 1.7 47.1 84.5 17.3 12.3 0.3 0.1 0.5 0.3 

C5H5O2
+ 97.028 O-containing 2 44 85.4 22.3 22.6 0.5 0.2 1.2 0.9 

C8H13
+ 109.101 Non-arom HC 2 42.8 79.1 7.3 4.7 0.5 0.4 0.4 0.3 

CH5O+ 33.034 Alcohol 2.22 42.7 40 32 26.4 1.2 0.3 0.8 1.2 

C4H5O2
+ 85.028 O-containing 2 41.6 79.5 19.3 18.4 0.5 0.2 1 0.6 

C3H7O2
+ 75.044 Carbonyl 2.41 40.7 70.1 17.9 14 1.1 0.2 2 1.1 

C9H17
+ 125.133 Alkyne 2 40.5 79.6 6.1 4.5 0.7 0.5 0.4 0.2 

C10H9
+ 129.070 Aromatic 2.45 40.2 76.4 12.8 11.6 0.3 0.1 0.3 0.1 

CH4NO+ 46.029 N-containing 2 39.3 58.5 19.6 28.7 1.2 0.3 1.2 0.5 
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(Table S4-2 continued) 

Compound 
Formula 

m/z 
detected 

Category 
k rates 
[10-9 
cm3/s] 

Thrust Setting 

3-5% 6-7% 30-45% 95-100% 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 

C5H9O2
+ 101.060 Carbonyl 2.2 36.3 60.5 16.1 16.1 1.1 0.5 1.9 1.2 

C6H11O+ 99.080 Carbonyl 3.8 35.8 68.1 15.7 12 1.6 0.9 3.9 2.3 

C12H17
+ 161.133 Aromatic 2 35.7 70.7 6.1 4.6 0.5 0.4 0.4 0.3 

C9H15
+ 123.117 Non-arom HC 2 33.7 62.6 5.4 3.7 0.3 0.2 0.3 0.2 

C10H11
+ 131.086 Non-arom HC 2 33.6 74.5 4.4 2.6 0.1 0.1 0.1 0.1 

C7H7O2
+ 123.044 Acid 2 32 74 10.1 7 0.3 0 0.4 0.2 

C3H3O+ 55.018 Carbonyl 2 32 47.7 12 8.1 0.1 0 0.3 0.3 

C6H5O2
+ 109.028 Carbonyl 2 29.5 53.4 11 11 0.2 0.1 0.4 0.2 

C7H11O+ 111.080 O-containing 2 29 61.4 6.6 5.5 0.1 0.1 0.2 0.1 

C5H11O+ 87.080 Carbonyl 2.3 28.3 45.5 10.4 9.5 0.8 0.6 1.1 0.5 

C11H19
+ 151.148 Non-arom HC 2 27.7 51.6 4.8 3.4 1 0.9 0.4 0.3 

C13H21
+ 177.164 Aromatic 2 27.6 53 5.7 5.1 0.5 0.4 0.4 0.3 

C7H13O+ 113.096 Carbonyl 2 27.2 52.4 6.2 5 0.3 0.2 0.4 0.2 

CH2NO+ 44.014 N-containing 2 25.8 38.6 14.6 19.4 0.7 0.1 1.1 1 

C10H13O+ 149.096 Carbonyl 2 25.6 57.1 7.3 6.2 0.3 0.2 0.4 0.3 

C6H7O2
+ 111.044 O-containing 2 24.9 53.3 9.1 8.7 0.2 0.1 0.3 0.2 

C6H11O2
+ 115.075 Carbonyl 2 24.1 42.2 8.7 8.7 0.5 0.2 0.8 0.4 

C2H6NO+ 60.044 N-containing 2 22.6 39.3 9.1 16.3 0.3 0.1 0.5 0.4 

C10H17
+ 137.133 Non-arom HC 2.44 22.4 41.2 4 2.6 0.5 0.4 0.2 0.2 

C12H21
+ 165.164 Non-arom HC 2 22.4 41.2 3.9 2.8 0.7 0.6 0.4 0.2 

C12H13
+ 157.101 Aromatic 2 22.3 44.7 6.1 6.2 0.4 0.2 0.5 0.4 

C7H9O+ 109.065 Alcohol 2.3 22 50.7 5.9 4 0.3 0.2 0.4 0.4 

C5H5O3
+ 113.023 Carbonyl 2 22 31.8 13.3 19 0.4 0.1 0.8 0.4 

C8H5O3
+ 149.023 O-containing 2 21.9 41.7 16.8 22.8 0.9 0.9 2.1 2 

C9H9
+ 117.070 Aromatic 2.43 21.6 47.4 3.5 2.1 0.1 0 0.1 0 

C8H7O+ 119.049 O-containing 2 21.1 40.8 6.1 4.2 0.1 0.1 0.1 0.1 

C9H9O+ 133.065 O-containing 2 20.6 46.1 5.4 3.9 0.2 0.1 0.2 0.1 

C8H13O+ 125.096 O-containing 2 18.4 38.9 4.2 3.5 0.1 0.1 0.2 0.1 

C9H19O+ 143.143 Carbonyl 2 18.4 37.4 5.4 5.2 0.3 0.2 0.5 0.3 

C11H13
+ 145.101 Aromatic 2 18.4 37 2.9 2.2 0.2 0.1 0.1 0.1 

C8H15O+ 127.112 O-containing 2 18 36.2 4 3.3 0.2 0.1 0.3 0.1 

C10H19
+ 139.148 Non-arom HC 2 18 34.6 2.9 2.2 0.5 0.5 0.2 0.1 

CH3N+ 29.026 N-containing 2 17.8 20.3 17.1 21.2 1.3 0.1 1.6 1.5 

C7H15O+ 115.112 Carbonyl 2 17.7 31.8 5.9 4.9 0.6 0.4 0.8 0.4 

C2H4
+ 28.031 Non-arom HC 2 16.9 14 11.8 9.6 0.1 0 0.1 0.1 

C13H19
+ 175.148 Aromatic 2 16.9 33.1 3.5 3 0.4 0.3 0.3 0.3 
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(Table S4-2  continued) 

Compound 
Formula 

m/z 
detected 

Category 
k rates 
[10-9 
cm3/s] 

Thrust Setting 

3-5% 6-7% 30-45% 95-100% 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 
Average 
EI [mg / 
kg fuel] 

 +/- 

C8H11N+ 121.089 N-containing 2 16.6 21.6 4.9 6.4 0.2 0.1 0.3 0.2 

C6H9O2
+ 113.060 Carbonyl 2 16.6 31.6 5.8 5.6 0.2 0.1 0.4 0.2 

C4H11S+ 91.058 S-containing 2 16 33.2 6.3 4.5 0.8 0.5 0.7 0.6 

C13H23
+ 179.179 Non-arom HC 2 16 29.1 3 2.5 0.4 0.3 0.2 0.1 

C5H5O+ 81.034 O-containing 2 15.1 30.1 4.2 3 0.1 0 0.2 0.1 

C8H9O2
+ 137.060 O-containing 2 15.1 36.5 4 2.8 0.1 0 0.2 0.1 

C8H17O+ 129.127 Carbonyl 2 15 28.7 4.7 3.9 0.4 0.2 0.5 0.2 

C3H6
+ 42.046 Non-arom HC 1.62 14.9 17.7 4.4 2.8 0.1 0 0.1 0.1 

C9H17O+ 141.127 Carbonyl 2 14.2 29.5 3 2.6 0.1 0.1 0.1 0.1 

C3H5N+/C2H3

N2
+ 

55.039 N-containing 2 13.9 42.2 4.7 3.9 1.6 0.8 1.5 1 

C4H5
+ 53.039 Carbonyl 2 13.7 23.7 3.9 2.8 0 0 0 0 

C9H15O+ 139.112 Carbonyl 2 13.5 28.2 2.9 2.4 0.1 0.1 0.2 0.1 

C7H5O+ 105.034 O-containing 2 13.4 22.1 4.8 4.4 0.1 0.1 0.2 0.2 

C6H13O+ 101.096 Carbonyl 3.35 13.2 22.5 5.2 4.1 0.6 0.4 0.7 0.3 

C4H8
+ 56.062 Non-arom HC 1.8 13.1 14.3 4.4 2.3 1 0.8 0.6 0.8 

C7H7
+ 91.050 Aromatic 2 12.9 22 4.4 3.8 0.6 0.4 0.6 0.5 

C10H21O+ 157.159 O-containing 2 12.9 28.1 2.8 2.8 0.1 0.1 0.2 0.1 

C2H4NO2
+ 74.024 N-containing 2 12.9 20.1 6.5 9.3 0.5 0.1 0.8 0.4 

C7H13O2
+ 129.091 Acid 2 12.7 23.1 4.3 4.4 0.2 0.1 0.4 0.3 

 

Table S 4-3: ICAO reference thrust levels and average fuel consumption per engine at 
different operating modes ( ICAO, 2011). 

Operating 

Mode 

Thrust 

Setting (%)* 

Fuel Consumed 

(kg/sec) 

Average Duration 

(minutes) 
EI (g/kg fuel) 

EI 

(kg/LTO) 

Take-off 100 0.946 0.7 0.13 0.005 

Climb 85 0.792 2.2 0.05 0.005 

Approach 30 0.29 4 0.13 0.01 

Taxi-Idle 6-7 / 3-5 0.114 / 0.09** 26 2.9 / 7.8 0.52 / 1.22 

 

Total NMOG per LTO for Twinjet (idling 3-5%): 2.23 

 

Total NMOG per LTO by single-engine use at idle 3-5%: 1.26 

 

Total NMOG per LTO by single-engine use at idle 6-7%: 0.56 

 

* % of the take-off thrust, **fuel consumption is ~18-50% less at idling power setting 2.5-5% 
depending on the thrust setting compared to 7% (Kim & Rachami, 2008). 
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Abstract 

Oxidative processing of aircraft turbine-engine exhaust was studied using a potential aerosol 

mass (PAM) chamber at different engine loads corresponding to typical flight operations. 

Measurements were conducted at an engine test cell. Organic gases (OGs) and particle 

emissions pre/post PAM were measured. A suite of instruments, including a proton-

transfer-reaction mass spectrometer (PTR-MS) for OGs, a multi-gas analyzer for CO, CO2, 

NOX, and an aerosol mass spectrometer (AMS) for non-refractory particulate matter (NR-

PM1) were used. Total aerosol mass was dominated by secondary aerosol formation, which 

was approximately two orders of magnitude higher than the primary aerosol. The chemical 

composition of both gaseous and particle emissions were also monitored at different engine 

loads and were thrust dependent. At idling load (thrust 2.5-7%), more than 90% of the 

secondary particle mass was organic and could be explained by the oxidation of gaseous 

aromatic species/ OGs; e.g. benzene, toluene, xylenes, tri-, tetra-, and pentamethyl-benzene 

and naphthalene. The oxygenated-aromatics, e.g. phenol, furans, were also included in this 

aromatic fraction and their oxidation could alone explain up to 25% of the secondary 

organic particle mass at idling loads. The organic fraction decreased with thrust level, while 

the inorganic fraction increased. At an approximated cruise load sulfates comprised 85% of 

the total secondary particle mass. 
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5.1 Introduction 

Airport activities emit both particulate and gaseous emissions (Unal et al., 2005; Hudda et 

al., 2014), and are a significant source of local gas- and particle-phase pollutants 

(Westerdahl et al., 2008). These emissions affect public health (Lin et al., 2008) and local air 

quality by increasing pollutant concentrations, e.g. ultrafine particulate matter (PM) number 

concentrations, at the surrounding residential areas (Hudda and Fruin, 2016; Hudda et al., 

2016). 

The dominant source of airport aerosol is aircraft engine exhaust (Kim, 2009), and is 

classified as either directly emitted primary aerosol (PA) or secondary aerosol (SA). Due to 

the high combustion efficiency, PA from aircraft engines contains mainly black carbon (BC) 

whereas SA is formed by the oxidation of emitted precursor gases. PA and SA precursor 

emissions such as non-methane organic gases (NMOGs) strongly depend on aircraft engine 

operating conditions (Kinsey et al., 2010) e.g. the BC emission index (EI, g/kg fuel) of a gas-

turbine engine is usually higher at cruise climb-out and take-off loads (above 60% of the 

maximum thrust) than at lower loads used at idle, taxi (7%) and approach (30%) (Liati et al., 

2014; Brem et al., 2015). In contrast to BC, NMOG emissions, including e.g. aromatic 

hydrocarbons, aliphatic hydrocarbons and carbonyls, are clearly highest at low loads (Spicer 

et al., 1994; Slemr et al., 2001; Anderson et al., 2006; Herndon et al., 2006; Kilic et al., 2017). 

Aging of fossil fuel combustion exhaust leads to SA:PA ratios higher than 1. Single-ring 

aromatics are traditionally thought to be the most important secondary organic aerosol 

(SOA) precursors from combustion emissions. While this has been shown to be the case for 

some emissions, e.g. from 2-stroke engines (Platt et al., 2014), in other cases non-traditional 

precursors were assessed to be responsible for the bulk of the SOA mass formed, e.g. for 

biomass smoke (Bruns et al., 2016) or on-road vehicles (Platt et al., 2013; 2017; Pieber et al., 

2017). Similar to these emissions, aging of aircraft emissions studied by Miracolo et al. 

(2011; 2012) in a smog chamber produced substantial amounts of secondary PM exceeding 

primary PM emissions several-fold. The authors showed the dominance of secondary 

organic aerosol (SOA) at low loads, while at high loads sulfate was the main SA produced. 

While single-ring aromatic compounds determined using gas-chromatography/mass 

spectrometry seemed to be important precursors of the SOA formed, a greater part of SOA 

was believed to originate from non-traditional precursors, whose nature remains to be 

identified (Miracolo et al., 2011; 2012). 

In this study, we measured the SA production potential of aircraft jet engine exhaust as a 

function of engine load and examined the bulk gas-phase organic emissions and their SOA 

formation potential. SOA was produced by OH-initiated oxidation of aircraft NMOG 

emissions in a potential aerosol mass (PAM) flow reactor (Kang et al., 2007). Primary and 

secondary PM mass was characterized for different engine loads, using an aerosol mass 

spectrometer (AMS). SOA precursors were analyzed in real-time by a proton-transfer-
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reaction mass spectrometer (PTR-MS) and SOA closure was examined under different 

conditions. The impact of these emissions and their SOA potential in typical urban 

atmospheres, at the proximity of airports was assessed and compared to other mobile 

sources. 

5.2 Methods 

5.2.1 Experimental setup 

Exhaust measurements were conducted to characterize NMOG and non-refractory 

submicron particulate mass (NR-PM1) emissions from an in-production CFM56 variant 

turbofan in the test cell of SR Technics at Zurich Airport.  The test engine was fueled with 

standard JET A-1 fuel, and was operated at several engine loads, selected to represent 

aircraft activities during a typical landing/take-off (LTO) cycle. Engine loads were set by 

specifying the combustion chamber inlet temperature values which correlate with a specific 

thrust in pound-force (lbf) at standard atmospheric conditions. The selected loads included 

idle-taxi (3-7% of the maximum thrust), approach (30% of the maximum thrust), and an 

approximated cruise load (50-65% of the maximum static thrust). After starting the engine, 

a warm-up sequence of 25 minutes ran before each test, consisting of five minute-long 

steps at thrusts of 5%, 15%, 7%, 65% and 85% in sequence.  

 

Figure 5-1: Simplified scheme of the experimental setup. 

A simplified scheme of the experimental setup is shown in Figure 5-1 and is discussed in 

detail elsewhere (Kilic et al, 2017). Details about the sampling system for non-volatile 

particle emissions can be found in Durdina et al. (2017) and Brem et al. (2015). The turbine 

engine exhaust was sampled by a single-point probe with an inner diameter of 8 mm, 
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located 0.7 m downstream of the engine exit plane. The exhaust drawn by the probe was 

directed through a heated (160°C) transfer line to three different lines: (i) the raw gas line, 

(ii) diluted emissions line and (iii) diluted aged emissions line. CO, CO2, and NOX were 

measured by a multi-gas analyzer (PG250, Horiba Inc.) installed on the raw line. On the 

diluted line, primary gas and particle measurements were performed. Two ejector dilutors 

(DEKATI DI-1000) were installed in sequence on this transfer line; after the first dilution, 

sampling lines were heated to 120°C. The sample was diluted with synthetic air (99.999% 

purity) either by a factor of 10 or 100, depending on the NMOG concentration. The NMOGs 

were quantified and characterized by a proton-transfer-reaction time-of-flight mass 

spectrometer (PTR-ToF-MS) together with a flame ionization hydrocarbon detector (FID) 

(APHA 370 THC Monitor). The concentration of equivalent black carbon (eBC) was 

determined by a 7-wavelength aethalometer (Drinovec et al., 2015) based on optical 

absorption.  

Aging of the engine exhaust emissions was achieved by using a potential aerosol mass 

(PAM) chamber with a continuous flow of 7.6 l/min and a volume of 13.3 liters. Two 

mercury lamps (emission lines at wavelengths λ=182 nm – 254 nm, BHK Inc.), mounted 

inside the PAM, were used to irradiate HONO and O2 required for hydroxyl radical (OH) 

formation. Different time-integrated OH exposures (molecules cm-3 h) were achieved by 

modulating the UV lamp intensity e.g. at 80%, 90%, or 100%. HONO to boost OH 

concentrations, and D9-butanol to trace OH exposure (Barmet et al., 2012), were injected 

with flows of 1.8 and 0.4 l/min, respectively. Further, the PAM was also humidified (~20% 

relative humidity) by injecting synthetic air with water vapor (with a flow of 1.6 l/min). All 

measurements were conducted at 295-298°K. Secondary aerosol formation was measured 

after the PAM, while the primary emissions were measured from the bypass line.  

Aging in a PAM is not completely analogous to that in a smog chamber, due to higher 

oxidant concentrations. However, intercomparison studies suggest that the amount of SOA 

production and its bulk elemental composition are comparable for both single precursors 

(e.g. -pinene) Lambe et al., 2015) and complex emissions (e.g. wood combustion) (Bruns et 

al, 2015). In addition, in both the PAM and chambers, the dominant oxidation pathways are 

similar to those in ambient air (Peng et al, 2015; 2016). 

5.2.2 Instrumentation 

5.2.2.1 PTR-ToF-MS 

NMOGs having a higher proton affinity than water were quantified by a PTR-ToF-MS (PTR-

TOF 8000, Ionicon Analytik G.m.b.H., Innsbruck, Austria) (Jordan et al., 2009). NMOG 

molecules were positively charged in the ionization unit (drift tube) of the instrument via 

hydronium ions (H3O+), and the generated ions/fragments were measured by a time-of-

flight mass spectrometer. The PTR-ToF-MS utilized a drift voltage (Udrift) of 550 V, a drift 

chamber temperature (Tdrift) of 60°C and a drift pressure (pdrift) of 2.2 mbar, maintaining a 
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reduced electric field (E/N) of ~120 Townsends (Td). Data were collected with one second 

time resolution. 

Tofware post-processing software (version 2.4.5, TOFWERK AG, Thun, Switzerland; PTR 

module as distributed by Ionicon Analytik GmbH, Innsbruck, Austria), running in the Igor Pro 

6.3 environment (Wavemetrics Inc., Lake Oswego, OR, USA), was used for data analysis. The 

ion transmission function, required to convert counts (cps) to volume mixing ratios (ppbv), 

was quantified using a gas standard containing a mixture of 12 compounds (100 ppbv each) 

spanning mass-to-charge ratios (m/z) from m/z 33 to 181 (Carbagas AG., Zurich, 

Switzerland). Volume mixing ratios (ppbv) were calculated according to De Gouw and 

Warneke, 2007, using H3O+/NMOG reaction rate constants (k) from Cappellin et al., 2012, 

when available, and assuming 2x10-9 cm3 s-1 otherwise (Table S4-2).  

During the exothermic proton-transfer reaction, some molecular fragments are formed in 

the drift chamber, with the extent of fragmentation depending on the chamber conditions 

and functional groups in the molecules (Gueneron et al., 2015). In particular, hydrocarbon 

fragments are obtained from aldehydes and dehydration of some oxygenated ions. 

Assignment of these fragment ions to the corresponding parent ions is important for 

quantification. The NMOG mixing ratios were corrected by accounting for this 

fragmentation. The compounds were measured based on their parent ions, then their 

fragments were subtracted based on reference fragmentation patterns. These subtractions 

combine a detailed fragmentation table for aldehydes using the current drift chamber 

conditions from Klein et al. (2016) and fragmentation patterns for aromatic compounds 

measured under similar chamber conditions reported (E/N ~120 Td) in other studies (Buhr 

et al., 2002; Brown et al., 2010; Gueneron et al., 2015). The fragmentation of detected 

compounds containing other functional groups (e.g. hydrocarbons and non-aldehyde 

oxygenated compounds) cannot be fully excluded but are not expected to cause significant 

error since the observed parent molecules were primarily low molecular weight alcohols 

and acids (e.g. methanol, formic and acetic acid) that are less susceptible to fragmentation 

(de Gouw and Warneke, 2007). The NMOGs were then classified (acids, alcohols, aromatics, 

non-aromatics hydrocarbons and unclassified hydrocarbon fragments, nitrogen and sulfur 

containing compounds, other oxygen containing compounds, unidentified peaks) according 

to Kilic et al. (2017).   

5.2.2.2 AMS  

The condensed phase was continuously monitored before and after the PAM using a high 

resolution time-of-flight aerosol mass spectrometer (AMS) and a scanning mobility particle 

sizer (SMPS). The reader is referred to DeCarlo et al. (2006) for a more detailed description 

of the AMS operating principles, calibrations protocols, and analysis procedures. Briefly, a 

particle beam sampled through an aerodynamic lens is alternately blocked and unblocked, 

yielding the bulk particle mass spectra (MS mode) of the non-refractory (NR) species, 

including organic aerosols (OA), NO3
-, SO4

2-, NH4
+, and Cl-. The NR particles are flash 



Identification of secondary precursors emitted by an aircraft turbofan 

 48 

vaporized by impaction on a heated tungsten surface (heated to ~ 600°C) at ∼ 10−7 Torr. 

The resulting gases are ionized by electron ionization (EI, 70 eV) and the mass-to-charge 

ratios (m/z) of the fragments are determined by the ToF mass spectrometer. The AMS was 

operated in the V-mode, with a time resolution of 30 sec. The AMS data were analyzed 

using the SQUIRREL (version 1.52L) and PIKA (1.11L) analysis software in Igor Pro 6.3 

(WaveMetrics). Standard relative ionization efficiencies (RIE) were assumed for the organic 

aerosol and chloride (RIE = 1.4, and 1.3, respectively) and experimentally determined for 

sulfate and ammonium (RIE = ~1.1 and ~4, respectively). The collection efficiency due to 

the particle bounce was determined to be ~1 under our conditions for organic rich aerosols 

by comparing the AMS mass to the SMPS volume (assuming an OA density of 1.4). 

5.2.3 Data analysis 

Emissions from the aircraft turbofan were measured at different thrust levels referred to as 

“test points” hereinafter. Test point durations were 18 minutes, except for one 60 minute-

long run. Test points were systematically interspersed with five minute-long periods to clean 

the PAM and the transfer lines by flushing the setup with synthetic air. The averaging of the 

primary emissions started from the third minute of a test point when the engine operation 

was stable. After sampling primary emissions for five to eight minutes while bypassing the 

PAM, secondary formation was measured after the PAM during the last five to eight 

minutes of the test point. This allowed SOA to reach steady state in the PAM. During each 

test, the PA concentration was measured by bypassing the PAM, while the SA concentration 

was calculated by subtracting PA from the OA measured after aging (after the PAM). Both 

PA and SA concentrations were determined by AMS. .  

The expected SOA concentration from the sum of all NMOGs detected by the PTR-ToF-MS 

was also calculated by multiplying the NMOGs oxidized in the PAM by its corresponding SOA 

yields, according to Eqn 5-1: 

∑ 𝑆𝑂𝐴 𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑𝑛
𝑖=1 = ∑ ∆𝑁𝑀𝑂𝐺𝑖 × 𝑌𝑖𝑒𝑙𝑑𝑖

𝑛
𝑖=1   Eqn 5-1 

where n is the number of NMOGs quantified and ∆𝑁𝑀𝑂𝐺 is the difference between the 

primary NMOG concentration and the NMOG concentration after aging. The same approach 

was applied by Bruns et al. (2016) and yields used can be found in Table 5-1. SOA yields 

available in the literature were used when possible. Otherwise, SOA yields of 0.2 were 

assumed as a lower limit estimate for aromatic and oxy-aromatics for which no SOA-yield 

values were reported (Presto et al., 2010; Tkacik et al., 2012), similar to Bruns et al. (2016). 

A yield of 0.15 was assumed for other NMOGs, including non-aromatic hydrocarbons and 

carbonyls. As NO is completely consumed in the PAM, we have chosen yields from low NOX 

conditions for aromatic hydrocarbons (Ng et al., 2007; Chan et al., 2009; Hildebrandt et al., 

2009; Nakao et al., 2011). The SOA contribution from organic gases lighter than benzene 
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(C6H6) was neglected. Predicted NMOG contributions to SOA are provided in the Results 

section).  

Emission Indices (EI, g/kg fuel) were calculated using a mass balance on fuel carbon: 

𝐸𝐼 = [𝑋] × [
𝑀𝑊𝐶𝑂2

𝑀𝑊𝐶×∆𝐶𝑂2
+

𝑀𝑊𝐶𝑂

𝑀𝑊𝐶×∆𝐶𝑂
] × 𝐶𝑓    Eqn 5-2 

where X denotes the pollutant concentration (µg/m3) and MW (g/mole) is the molecular 

weight of the species denoted by the subscript. Background-subtracted CO and CO2 

concentrations (µg/m3) are denoted as ΔCO and ΔCO2, respectively. Cf is the carbon fraction 

of the JET-A1 fuel used during the campaign and was measured as 0.857 based on ASTM D 

5291 method (ASTM, 1996). 

5.3 Results and discussion 

5.3.1 SOA formation as a function of OH exposure 

The evolution of the chemical composition of the primary organic gases and NR-PM1 

components with increasing OH exposure is shown in Figure 5-2 for engine idling operation 

(thrust 3%). Measurements were conducted for primary emissions, as well as for OH 

exposures of 59x106, 88x106, and 113x106 molecules cm-3 h, which correspond to 

approximately 39, 58, and 75 hours of atmospheric aging under an average tropospheric OH 

concentration of 1.5 x 106 molecules cm-3 (Mao et al., 2009).  The OH exposure, calculated 

using d9-butanol as a tracer, was varied by varying the light intensity.  

Figure 5-2a shows the OG composition under these conditions with compounds classified as 

a function of their molecular composition, as described in Kilic et al. (2017). A stepwise 

increase of the OH exposure reduced the NMOG mass detected in the chamber by 35%, 40% 

and 50%. Except for carboxylic acids, the concentrations of all NMOGs decreased during 

aging, indicating that their loss rate exceed their production from other NMOGs. For 

example, aromatic compounds and carbonyls were oxidized in the PAM by up to 90% and 

50%, respectively, while the acids doubled after 75 hours of daytime-equivalent aging.    

Figure 5-2b shows a time series of secondary NR-PM1 composition, as well as the 

concentrations of two of the most abundant aromatic gases, C10H14 and C11H16, for the same 

experiment. Here stable oxidation conditions were alternated with sampling of primary 

emissions, with OH exposures indicated in the figure. Secondary aerosol, especially SOA, 

dominated the total NRPM1. By increasing the OH exposure from 59x106 to 88x106, the 

generated SOA increased by approximately 14%. However, increasing the OH exposure 

further to 113x106 molecules cm-3 h yielded only an additional 3% increase in SOA mass. 

This suggests that at these OH exposures, the bulk of SOA precursors have reacted and the 
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additional SOA production did not significantly exceed its loss. Under these conditions, the 

formed SOA may be considered as a reasonable estimate for the total SOA potential. The 

observed production rate of SOA against OH exposure is consistent with precursor reaction 

rates of 8 × 10-12 molecule-1 cm3 s-1.  This estimate is based on the assumption of a constant 

SOA mass yield with aging and instantaneous equilibrium partitioning of the condensable 

gases, and is therefore lower than the reaction rates of the main identified precursors (see 

below). SOA production rates are thus expected to be faster in the ambient atmosphere. 

 

Figure 5-2: Sample experiment showing mean NMOG emissions (top) and 
representative time series for particle and NMOG components (bottom) for varying OH 
exposures. Hydrocarbon concentrations (non-aromatic HCs (dark blue), aromatic HCs 
(purple) and carbonyls (green) decrease in the PAM while the concentrations of acids 
(mostly formic and acetic ~90% of the total acids) increase. The bottom panel shows 
the aerosol (Organic, SO4, NO3,  NH4) formed and gaseous aromatics (C 1 0H1 4, C1 1H1 6) for 
the different OH exposures in the PAM given in the top panel.  

5.3.2 Particle and gaseous emissions as a function of engine load 

Figure 5-3 shows both average primary and secondary emission indices for varying engine 

loads (left) and EIs from individual test points (right). The NMOG EI decreased from 30 to 0.8 

g/kg fuel when the thrust level increased from 3-5% to 90%. At thrust 3-5%, the emissions of 

gaseous aromatic-hydrocarbons were highest (with an EI of ~5g/kg fuel) and decreased 

with increasing thrust (with an EI of ~0.15 g/kg fuel at thrust 90%).  Similar to aromatic 

gases, SOA formed mostly at 3-5% thrust and had a declining trend with thrust. In contrast, 

BC, POA and secondary SO4 EIs were highest during the approximated cruise load (thrust 
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60%). At these conditions, secondary NR-PM1 was mostly inorganic and SOA mass was 

comparable to that of primary carbonaceous emissions (BC + POA). SOA was approximately 

100 times higher than POA at idle and only 10 times higher at cruise (Figure 5-3). This 

dependence of the aged aerosol composition on the thrust level, obtained using the PAM 

reactor, confirm quite readily the previous results obtained in a smog chamber (Miracolo et 

al., 2011; 2012).  

 

Figure 5-3: Average emission indices (left) and EIs from individual test points (right) 
for primary non-methane organic gases (NMOGs), aromatic gases, primary organic 
aerosol (POA),  equivalent black carbon (BC), secondary organic aerosol (SOA), nitrate 
(NO3) and sulfate (SO 4). Error bars (+/-) are the standard deviations of the means with 
a confidence interval of 95%. The OH exposure was in the range of 91-113 x 
106molecules cm - 1 h for the secondary aerosol cases.  
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Table 5-1:  Volume mixing ratios of gaseous emissions, engine parameters and emission indices (EIs) for primary (directly emitted) and secondary (after 
aging) for all experiments. 

Thrust (%) 

Primary Aged 

CO2 
(ppmv) 

CO 
(ppmv) 

THC 
(ppmvC) 

NOX 

(ppmv) 
Fuel 

(kg/sec) 

NMOG 
(g/kg 
fuel) 

Aromatic 
Gases 

(g/kg fuel) 

BC (g/kg 
fuel) 

POA 
(g/kg 
fuel) 

NO3 
(g/kg 
fuel) 

SO4 
(g/kg 
fuel) 

OH 
exposure 
(molec. 
cm-3 h) 

SOA 
(g/kg 
fuel) 

3 1863 764 239 14 0.09 51.38 9.35 1.70E-06 2.34E-04 0.11 0.03 8.8E+07 1.43 

3 1831 766 244 14 0.09 50.78 8.82 2.00E-06 4.74E-04 0.13 0.02 8.8E+07 n/a 

3 1560 709 222 14 0.09 26.32 4.31 1.50E-06 <2.0E+03 0.17 0.08 6.0E+07 1.53 

3 1560 709 222 14 0.09 26.32 4.31 2.40E-06 <2.0E+03 0.18 0.18 9.0E+07 1.69 

3 1560 709 222 14 0.09 26.32 4.31 2.80E-06 <2.0E+03 0.16 0.37 11.3E+07 1.85 

4 1884 543 173 n/a n/a 39.16 7.65 2.30E-06 <2.0E+03 0.21 0.35 10.0E+07 2.55 

5 1829 442 114 17 0.11 45.55 7.90 1.30E-06 7.81E-04 0.04 0.05 8.8E+07 1.39 

5 1758 422 98 17 0.11 42.46 7.07 1.00E-06 8.13E-04 0.08 0.06 8.8E+07 1.51 

6 1934 410 113 21 0.12 27.65 5.21 1.00E-06 <2.0E+03 0.16 0.54 10.0E+07 1.58 

7 1909 168 45 23 0.14 24.53 3.58 7.00E-06 1.91E-03 0.04 0.11 8.8E+07 0.98 

7 1978 385 94 23 0.14 22.75 4.17 1.60E-06 <2.0E+03 0.11 0.60 10.0E+07 1.24 

30 2953 40 8 62 0.31 4.83 0.19 1.50E-06 1.84E-03 0.02 0.23 8.8E+07 0.09 

60 3709 12 7 131 0.65 1.50 0.21 2.20E-05 6.21E-03 0.02 1.51 8.50E+07 0.17 

60 3709 12 7 131 0.65 1.15 0.16 3.30E-05 6.80E-03 0.01 1.61 8.5E+07 0.12 

80 4344 16 6 195 0.9 1.00 0.08 4.60E-05 5.55E-03 0.01 1.39 10.0E+07 0.10 

80 4291 14 7 195 0.9 1.29 0.17 4.40E-05 6.01E-03 0.02 1.16 8.5E+07 0.12 

80 4291 14 7 195 0.9 1.01 0.16 5.00E-05 5.24E-03 0.02 1.10 8.5E+07 0.11 

80 4291 14 7 195 0.9 0.91 0.16 5.20E-05 5.37E-03 0.02 1.10 8.5E+07 0.10 

90 4657 16 6 202 1.1 0.78 0.12 5.50E-05 5.89E-03 0.01 0.61 8.5E+07 0.06 

90 4657 16 6 202 1.1 0.78 0.12 5.80E-05 7.30E-03 0.01 0.63 8.5E+07 0.06 
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5.3.3 Precursor gases of SOA: Idling 

 

Figure 5-4: Fractions of aromatic compounds for primary emissions (directly emitted) 
at idle (thrust 3-7%). Benzene derivatives, xylenes, tri -, tetra-, pentamethylbenzene, 
benzene and toluene account for ~60% of all aromatics.  

Single-ring aromatics, such as xylenes, methylbenzenes, toluene and benzene, were 

previously linked with SOA formation (Ng et al., 2007; Odum et al., 1997). Further, many of 

the aromatics gases are important SOA precursors for combustion sources such as 2S-

scooters (Platt et al., 2014), or wood burning (Bruns et al., 2016). Figure 5-4 presents the 

mass fractions of aromatic hydrocarbons in primary exhaust for an idling turbine engine. 

More than half of the aromatic hydrocarbons emitted were single-ring aromatics. Idling 

exhaust contained 20% (mass weighted) aromatic HCs. 75 - 95% of these aromatics were 

oxidized with an OH exposure of ~90 x 106 molecules cm-3 h in the PAM.  

By using previously reported SOA yields (Table 5-2) for NMOGs, SOA production was 

predicted from individual precursors according to Eqn 5-1. Figure 5-5 shows a comparison of 

the predicted SOA with the SOA determined by AMS measurements (top) and the predicted 

SOA contribution by the oxidation of NMOGs in the PAM (bottom), for two idling thrusts, 2-

5% (left) and 6-7% (right). The predicted SOA from the NMOGs reacted are shown at the 

bottom panel of the figure and compound class-specific SOA fractions are separated for 

aromatic HCs, oxygenated-aromatics, other HCs, N-containing OGs and other OGs. 
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Table 5-2: Precursor OGs, their corresponding functional group and protonated m/z, SOA yields* 
from literature, and average SOA EI estimated for different thrusts. 

 
SOA Emission Index (g/kg fuel) 

VOC formula m/z Group 
SOA 

yield* 

Thrust 3-5% Thrust 6-7% 

Average ± Average ± 

(C9H12)H+ 121.101 Aromatic 0.32 0.19 0.11 0.07 0.04 

(C6H6)H+ 79.054 Aromatic 0.33 0.16 0.06 0.07 0.03 

(C10H14)H+ 135.117 Aromatic 0.2 0.11 0.07 0.03 0.02 

(C9H10)H+ 119.086 Aromatic 0.32 0.10 0.06 0.03 0.02 

(C8H10)H+ 107.086 Aromatic 0.2 0.10 0.05 0.04 0.02 

(C10H12)H+ 133.101 Aromatic 0.32 0.10 0.06 0.03 0.02 

(C7H8)H+ 93.070 Aromatic 0.24 0.08 0.04 0.03 0.02 

C11H11
+ 143.086 Aromatic 0.52 0.08 0.05 0.03 0.02 

(C8H8)H+ 105.070 Aromatic 0.32 0.07 0.04 0.03 0.02 

(C10H8)H+ 129.070 Aromatic 0.52 0.07 0.03 0.03 0.02 

C11H17
+ 149.132 Aromatic 0.2 0.05 0.03 0.02 0.01 

C11H15
+ 147.117 Aromatic 0.2 0.04 0.02 0.01 0.01 

(C12H18)H+ 163.148 Aromatic 0.2 0.03 0.02 0.01 0.01 

(C9H14)H+ 123.117 Aromatic 0.2 0.03 0.02 0.01 0.01 

(C12H16)H+ 161.132 Aromatic 0.2 0.02 0.01 0.01 0.01 

(C9H8)H+ 117.070 Aromatic 0.2 0.02 0.01 0.00 0.00 

Other - Aromatic 0.15 0.06 0.05 0.00 0.00 

C6H7O+ 95.049 Oxy-arom 0.44 0.13 0.07 0.05 0.03 

(C6H8O)H+ 97.065 Oxy-arom 0.32 0.07 0.03 0.02 0.01 

(C7H6O)H+ 107.049 Oxy-arom 0.32 0.05 0.02 0.02 0.01 

C6H7O2
+ 111.044 Oxy-arom 0.39 0.03 0.01 0.01 0.00 

(C10H12O2)H+ 165.091 Oxy-arom 0.2 0.00 0.00 0.00 0.00 

C10H15O2
+ 167.107 Oxy-arom 0.2 0.00 0.00 0.00 0.00 

Other NMOGs > 79.054 Other NMOG 0.15 1.15 0.74 0.20 0.02 

*SOA yields from literature (Alvarez et al., 2009; Chan et al., 2010; Chan et al., 2009; Chhabra et al., 

2011; Hildebrandt et al., 2009; Nakao et al., 2011; Ng et al., 2007; Shakya & Griffin, 2010; Yee et al., 

2013).  
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Figure 5-5: Comparison of the SOA measured by the AMS and the SOA predicted by the oxidation of NMOGs (top panel). The statistics 
are presented for low load idling (thrust 3-5%) on the left half and for idling 6 -7% on the right. Aromatic hydrocarbons (purple) were 
the most abundant precursors of SOA at idle (thrust 3 -7%) explaining all SOA formed (green, top panel) at thrust 3 -5% and most 
(~90%) at thrust 6-7%. Aromatic SOA comprised the largest fraction followed by oxygenated aromatics (light purple - e.g. phenol, 
benzaldehydes), non-aromatic hydrocarbons (orange) with more than 6 carbon atoms in their molecular structure (non -arom. HCs ≥ 
C6), nitrogen containing compounds (brown), other oxygenated -NMOGs > C6 (cyan). Average fractions of individual NMOGs (bottom 
panel) were calculated by using SOA yields from literature (see  Table 5-2) and the amount of NMOG reacted. Error bars show standard 
deviations of the means (CI: 95%). 
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Figure 5-5 indicates that the most important SOA precursors emitted by turbine engines at 

idle are aromatic hydrocarbons such as benzene derivatives but also oxygenated aromatics 

such as phenol. The predicted SOA formed by aromatics alone, both by aromatic 

hydrocarbons (60-70%) and oxygenated-aromatics (15-25%), explained all AMS-determined 

SOA at low loads (thrust 3-5%) and most of the SOA formed (by 80%) at thrust 6-7% (Figure 

5-5). Predicted aromatic SOA from benzene (C6H6), C2-benzenes (C8H10), C3-benzenes 

(C9H12), C4-benzenes (C10H14), dimethylstyrenes (C10H12), toluene (C7H8), 

methylbenzaldehydes (C8H8O) and phenol (C6H6O) accounted for 60% of the AMS-

determined SOA at 3-5% thrust (Figure 5-5). These results are consistent with those 

previously obtained using a smog chamber, confirming that aromatic compounds are indeed 

important SOA precursors in jet-engine emissions (Miracolo et al., 2011). Only a small 

fraction of these compounds was determined in previous experiments using GC/MS 

measurements and therefore traditionally considered as SOA precursors in models. Here, 

compared to previous experiments we show that non-traditional aromatic and oxy-aromatic 

compounds, including naphthalene and its alkyl derivatives, C>3 alkyl derivatives of single 

ring aromatics, and phenols, can explain the gap between measured SOA and SOA predicted 

based on traditional precursors. 

Exhaust-aging experiments were repeated 6 times at thrust 3-5% and the oxidation of 

NMOGs varied during each of these aging experiments. Error bars shown in Figure 5-5 

denote this variability in NMOG oxidation (in the PAM) during aging experiments of the 

same thrust level.  Indeed, errors related to yield values used may significantly influence the 

results. These errors may be systematic and are complex to assess. They can be affected by 

potential differences between the oxidation conditions in chambers and in the PAM (e.g. 

NOx, RH, particle mass). Yields obtained with the PAM are consistent with those obtained 

from chambers (Bruns et al., 2015), therefore we do not expect large systematic errors in 

the SOA predicted. However, based on the variability of yields in previous chamber 

experiments we estimate the accuracy of our prediction to be within a factor of 2, indicating 

that within our uncertainties a significant fraction of the precursors was identified.   

NMOGs, including aromatic gases, were reduced with increasing thrust (from thrust 3-5% to 

thrust 6-7%) due to more efficient operation of the turbine engine. This decrease amounted 

to 40% for the sum of aromatic HCs and corresponded to a 30% decrease in SOA EI. 

Therefore, a more efficient engine operation implies less NMOG emissions and reduced SOA 

formation potential at idle.  

5.3.4 SOA formation at cruise load 

A comparison of the predicted SOA with the SOA determined by the AMS is presented in 

Figure 5-6 at cruise loads (top panel). Figure 5-6 also shows the SOA contribution predicted 

by the oxidation of NMOGs in the PAM (bottom panel) under the same engine conditions. 
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The SOA EI was 0.07 g/kg fuel for cruise load. The predicted SOA fraction accounted for only 

30% of the AMS-determined SOA (green bar, Figure 5-6) during cruise load experiments. 

Aromatic SOA (predicted) accounted for only 4% of the AMS-determined SOA during these 

experiments. The major fraction of the remaining SOA mass that was assigned to the 

identified precursors was predicted to be from oxygenated NMOG molecules (Figure 5-6). 

Another 6% of the determined SOA may originate from non-aromatic HCs (aliphatics and HC 

fragments > C6).  

 

Figure 5-6: Measured and predicted SOA comparison at cruise load, using the same 
approach as in Figure 5-5 . In contrast to idle conditions, total NMOGs detected do not 
explain SOA formed.  

Predicted SOA was significantly lower compared to the measured SOA. While SOA 

precursors remain unidentified under these conditions, several hypotheses might explain 

the observation. First, we could not determine the contribution of alkanes smaller than 9 

carbon atoms to the formed SOA, because these compounds are not directly detected by 

the PTR-ToF-MS. Depending on the number of carbon atoms in their molecular structure, 

the SOA potential of many alkanes may be comparable to that of single-ring aromatic 

hydrocarbons (Tkacik et al., 2012) and therefore may play a role in the formation of the 

observed SOA. However, our data do not suggest that a great part of the observed SOA is 

from non-measured alkanes, as we do not observe any increase in the contribution of 

hydrocarbon fragments in the PTR-MS compared to idling emissions. Second, the oxidation 

of primary semi-volatile compounds may yield significant SOA, because of their elevated 
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yields of near unity (Robinson et al., 2007). However, we note that these semi-volatile 

precursors would play an important role at low aerosol concentrations, when most of these 

precursors reside in the gas-phase where they can be oxidized. Under our conditions, 

concentrations range between 10 and 50 µg m-3 and a substantial fraction of these products 

resides already in the particle phase. Therefore the oxidation of these products in the gas-

phase by OH is unlikely to explain the observed entire 10-fold increase in the OA mass upon 

oxidation, but only part of the mass. Finally, the PTR-MS data suggest that a great part of 

the precursors measured are highly oxygenated gases, with O:C ratios ranging from 0.2 to 

0.7, including, among others, anhydrides (e.g. phthalic, succinic and maleic) and quinone 

derivatives. Unlike aromatic compounds and alkanes present in the fuel, these compounds 

are likely formed at high temperature during combustion. The SOA yields of these 

compounds remain unknown and it is likely that the yield value of 0.15 used here is a lower 

estimate, which would result in an underestimation of the contribution of these compounds 

to the observed SOA. We also note that unlike precursors detected under idle conditions, 

the ionization efficiency and the fragmentation pattern of these compounds in the PTR-MS 

are highly uncertain, resulting in large uncertainties in our predicted SOA. Therefore, results 

in Figure 6 should be considered with care. Notwithstanding these uncertainties, we note 

that at cruise conditions the SOA contribution to the total secondary PM is minor compared 

to sulfate and therefore these uncertainties have little impact on the implications of our 

results. 

5.4 Conclusions and implications for ambient air quality 

Gas-phase primary emissions and SA formation from an in-production turbofan were 

investigated in a test cell. The engine loads (thrusts) during experiments were selected to 

simulate different aircraft operations. These operations are summarized as landing take-off 

(LTO) cycle under four modes taxi/idle, approach, climb and take-off with corresponding 

engine loads of 3-7%, 30%, 85% and 100%, respectively. In addition an approximated 

cruising load (60%) was selected. 

At idle conditions, SOA formation was mostly attributed to the oxidative processing of 

aromatic gases. Benzene derivatives together with phenol were predicted as the major SOA 

precursors for an idling aircraft. Meanwhile, during cruise load the emission of aromatic 

compounds was much lower and only explained a minor fraction of SOA (4%). During these 

conditions, however, sulfate was found to dominate SA, contributing ~85% of the total 

mass of aged aerosols and therefore its fraction is more relevant aloft.  

The oxidation of NMOGs in the PAM yielded an SOA EI 100 times greater than POA under 

idling conditions and 10 times greater at cruise load. According to our calculated production 

rates SOA from airport emissions (idling jet engines) exceeds POA by a factor of 10 after only 

3 hours of atmospheric aging and therefore considerably impacts urban areas downwind of 

airport emissions. Compared to idling aircraft emissions, aging of vehicle exhaust emissions 
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results in much lower enhancements, ranging between factors of 5-10 and 1.5-3, for 

gasoline and diesel vehicles, respectively (Gordon et al., 2014a; 2014b). 

The NMOG emission factors and SOA potential can be used in conjunction with emission 

inventories and fuel use data to assess the impact of aircraft emissions on air quality in 

comparison with other mobile sources. Here, we have considered the Zurich international 

airport as an example (Switzerland, 23 million passengers in 2010). Combining the recorded 

aircraft fuel use with the standard LTO cycle and the NMOG EIs measured, we estimate 

aircraft NMOG emissions in Zurich for 2010 to be in the range of 90−190 tons/year (Kilic et 

al., 2017). Based on the average SOA bulk yields (SOA/total NMOG) obtained herein (~5-

8%), we estimate a total SOA production potential from airport emissions for the area of 

Zurich to range from 5.4 to 13.2 tons/year. These SOA production potential values can be 

directly compared to emissions from on-road vehicles derived from the EDGARv4.2 emission 

inventory, which provides worldwide temporally and spatially resolved NMOG emissions 

from road vehicles with a grid size of ~200 km2. For the grid cell containing Zurich (47.25° 

North, 8.75° East) the NMOG emissions from on-road vehicles is estimated to be 631 

tons/year. While SOA yields from diesel vehicle emissions are expected to be more elevated 

than those from gasoline car emissions, due to the presence of intermediate volatility 

species, recent reports suggest these yields to be comparably high, ~15% (Gentner et al., 

2017). Using this yield value for emissions from both types of vehicles (Platt et al., 2017), we 

estimate the total SOA production potential from on road vehicles for the area of Zurich to 

be ~94 tons/year, 10 fold higher than SOA from aircraft emissions. However, the airport is a 

point source within this region and thus the relative contribution of the airport emissions to 

a specific location downwind of this source is significantly higher than implied by this 

calculation. Although this estimate applies to a specific airport, it does indicate that aircraft 

NMOG emissions may constitute significant SOA precursors downwind of airports, while 

other fossil fuel combustion sources dominate urban areas in general.  
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Abstract 

The emission factors and chemical composition of the organic gases (OGs) emitted by 

aircraft turbine engines, a diesel ship engine and motor vehicles were studied using a 

proton-transfer-reaction mass spectrometer (PTR-ToF-MS). To simplify conceptual and 

modelling analyses of ambient sources, we investigated not only individual OGs but also in 

terms of functionality-based OG groups. OG group classifications included acids, alcohols, 

aromatics, carbonyls, aliphatics, Nitrogen and Sulfur-containing OGs. In addition to the 

measurement of individual compounds, organic gases were also grouped according to their 

functionality e.g. aromatics, acids, carbonyls. 2S-Scooters and the ship fueled by heavy fuel 

oil (HFO) emitted the highest total NMOG per kg fuel. 2S-Scooters also have the highest 

aromatic gases emission factor (EF). However the fraction of polycyclic-aromatic 

hydrocarbons (PAHs) was highest for the ship fueled by HFO with a total EF of 1.6 g/kg fuel. 

An idling turbine engine of an aircraft also emits 20-30 times more NMOGs than light duty 

vehicles under similar ambient conditions. This work also provides relative gaseous trace 

composition of each source that can be used for source apportionment studies of OGs in 

ambient air.  
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6.1 Introduction 

Approximately 90 million barrels of crude oil were burned daily in 2015. More than half of 

this was used as distillate/diesel, gasoline and jet fuel (28.4%, 23.8% and 6%, respectively) 

and consumed mostly by mobile sources e.g. motor vehicles, ships and aircraft (EIA, 2016). 

Significant amounts of gaseous and particulate pollutants including organic gases (OGs) are 

emitted due to the combustion of these different fuel types. 

Substantial amounts of OGs, e.g. hydrocarbons, acids, carbonyls, are emitted by aircraft 

during a flight. Both the amount of pollutants and exhaust chemical composition depend on 

(i) fuel content (Brem et al., 2015) and (ii) engine load (Kilic et al., 2017). These emissions 

potentially affect local air quality (Hudda et al., 2014; Unal et al., 2005), public health (Lin 

et al., 2008) and global climate (Lee et al., 2009; Sausen et al., 2005) either by primary 

(directly emitted) emissions or secondary formation (as a result of transformation in the 

atmosphere) (Miracolo et al., 2011; Presto et al., 2011).  

Similar to other combustion systems, the emissions from ships also depend on engine load 

and fuel type (Lack & Corbett, 2012; Sippula et al., 2014). The particles emitted by ships as 

part of these emissions lead to enhanced cloud formation on shipping routes as previously 

reported both via direct and satellite observations (Radke et al., 1989). Further the 

pollutants emitted by ships could increase pollutant concentrations both at coastal regions 

and near ports (De Meyer et al., 2008; Viana et al., 2014).  

Traffic emissions due to on-road vehicles is a major source of air pollution worldwide 

(Fischer et al., 2000; Nielsen, 1996). Vehicles powered by the engines using gasoline and 

diesel fuel also emit organic gases amount and composition of which depends on the 

combustion conditions e.g. engine load, ambient temperature (Kean et al., 2003; Platt et al., 

2013; Zardini et al., 2014). These vehicular emissions were reported as the source of the air 

pollution near roads and highways (Karner et al., 2010; Zhu et al., 2002) leading to adverse 

public-health effects (Lewis et al., 2005; Pope et al., 2004; Waldron et al., 1995).  

In order to better monitor potential effects of the OG emissions from mobile sources, the 

quantification of the contribution from each source in a complex emissions 

microenvironment and the monitoring of the exhaust chemical composition for each source 

are required. This study provides an OG emission comparison of different vehicles for (i) the 

OG emissions per fuel consumed and (ii) the chemical composition of the OG exhaust. The 

exhausts from the engines of commercial aircraft, ship and on-road motor vehicles include 

some variation of ambient temperature, fuel type and engine load.  
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6.2 Instrumentation and methods 

A proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS 8000, Ionicon 

G.m.b.H., Innsbruck Austria) was used for the detection of organic gases. The PTR-ToF-MS 

enables the detection of organic gases that have a higher proton affinity than that of water. 

The air samples containing OGs were protonated by the H3O+ ion. The resulting positively 

charged ions were detected using a time-of-flight mass spectrometer (Graus et al., 2010; 

Hansel et al., 1995). The PTR-ToF-MS was operated at a drift voltage (Udrift) of 550 V, a drift 

chamber temperature (Tdrift) of 60 oC, and a drift pressure (pdrift) of 2.2 mbar, maintaining 

a reduced electric field (E/N) of ~120 Townsends (Td). Data was collected with one second 

time resolution.  Due to the exothermic nature of the protonation reaction, some ions 

fragment in the drift tube. The ion-transmission function was quantified using a gas 

standard containing a mixture of 12 compounds spanning mass-to-charge ratios (m/z) from 

m/z 33 to 181 (Carbagas AG., Zurich, Switzerland). Volume mixing ratios (ppbv) were 

calculated according to De Gouw and Warneke (2007), by using H3O+/NMOG reaction rate 

constants (k) estimated by Cappelin et al. (2012), and assuming k = 2x10-9 cm3 s-1 otherwise. 

Fragments of organic gases, e.g. aldehydes, are attributed to their parent ion depending on 

the experiment (when the total mass fraction of the fragments was higher than 5%) 

according to Klein et al. (2016). The PTR-ToF-MS cannot detect, by H3O+ ionization, most 

alkanes with a carbon number below 12 due to their low proton affinity.  

The Tofware version 2.4.5 (TOFWERK AG, Thun, Switzerland; PTR module as distributed by 

Ionicon Analytik GmbH, Innsbruck, Austria) running in the Igor Pro 6.3 environment 

(Wavemetrics Inc., Lake Oswego, OR, USA), was used to convert extracted ion intensities to 

volume mixing ratios (ppbv). The compounds were then grouped according to their 

functionality as acids, alcohols, aliphatic hydrocarbons (HCs), aromatic HCs, carbonyls 

(including e.g. aldehydes, ketones), nitrogen containing compounds, unclassified HC 

fragments, other oxygen containing compounds, sulfur containing compounds and 

unidentified compounds (species without an assigned molecular formula) same as Kilic et al. 

(2016). An exemplary figure for aircraft and ship, showing OG mass fractions on mass 

spectra and functional group fraction in a pie chart, can be found in the supplementary 

Figure S 6-1.  

Picarro G2401 Cavity Ring-Down Spectroscopy (CRDS) was also used in parallel to the PTR-

ToF-MS to quantify CO2, CO and H2O volume mixing ratios. The carbon mass balance was 

used to calculate emission indices (EF, g/kg fuel) reported as shown in Eqn 6-1: 

𝐸𝐹 = [𝑂𝐺] × [
𝑀𝑊𝐶𝑂2

𝑀𝑊𝐶×∆𝐶𝑂2
+

𝑀𝑊𝐶𝑂

𝑀𝑊𝐶×∆𝐶𝑂
] × 𝐶𝑓  Eqn 6-1 
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where OG denotes the organic gas concentration, MWX (g/mole) is the molecular weight of 

the compounds denoted by X. ΔCO and ΔCO2 denotes background-subtracted CO and CO2 

concentrations, respectively. Cf is the carbon fraction of the fuel used during the campaigns. 

6.3  Results and discussion 

Total non-methane organic gases (NMOG) emission factors (EF, mg/kg fuel) for all sources 

studied are given in Figure 6-1. Among the vehicles tested, top two mobile sources were 

measured to be ship fueled by heavy fuel oil (HFO) and 2S-scooters (M2S) with the EFs of 

32.6 x 103 and 27.8 x 103 mg/kg fuel, respectively. From highest to lowest, these two 

followed by idling aircraft and light duty gasoline vehicle during cold weather (-7 °C) with the 

EFs spanning from 103 to 104 mg/kg fuel. Although the heavy duty vehicles (HDD) were 

tested twice at low temperatures (-7 °C) and with an liquid petroleum gas (LPG) fueled 

engine at an ambient temperature of +22 °C, these tests imply that their NMOG EFs can be 

as high as both an idling aircraft or a LDG and even higher depending on the combustion 

conditions. EFs from the rest of the HDD tests and the LDD EFs measured under ambient 

temperatures of -7 °C and +22 °C were either equal to 103 mg/kg fuel or lower. Aircraft 

turbine engine operating at engine loads above 30% corresponding to approach, cruise and 

take-off operations emit lowest NMOG for the same amount of fuel burned compared to 

other vehicles tested. 

 Figure 6-2 presents the functional group mass fractions for the vehicles tested. Aircraft 

exhaust contained in relative terms most carbonyls with a fraction range of 40-45% at all 

engine loads tested. After carbonyls, aromatics were measured to be the second highest 

with a fraction of ~18% during idle (load 2.5-7%). At in-the-air engine loads (≥ 30%), 

however, the exhaust contained more oxygenated OGs and acids were the second most 

abundant species group after carbonyls with a fraction spanning in the range of 20-30%.  

Similar to aircraft, ships (engine load 50%) emit carbonyls the most (~50%) among all 

NMOGs when marine gas oil (MGO) used. This carbonyl fraction is lower (27%) while using 

heavy fuel oil (HFO) at the same engine load. Using HFO, the HC fraction of exhaust (sum of 

aromatics, aliphatics and HC fragments) increased to 50% from 21% (HC fraction of MGO 

exhaust).   
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Figure 6-1: Total NMOG emission per fuel burned for mobile sources. Average EFs 
measured for seven aircraft turbine engines (red markers) presented for different 
engine loads. EFs of a diesel -engine ship for one engine load (cruise load 50%) is given 
for two fuel types; heavy fuel oil (Fuel 1, HFO) and marine gas oil (Fuel 2, MGO) in 
purple. The average (over the driving cycle) EFs of the on -road motor vehicles, three 
light duty gasoline vehicle (LDG), two light duty diesel vehicle (LDD), two heavy duty 
diesel vehicles –one powered by l iquid petroleum gas (LPG)-, and two 2-stroke scooters 
can be found next to the ship and aircraft. The ambient temperatures during 
measurements are separated by the marker type.  
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Figure 6-2: Average functional-group fractions of the vehicle exhausts: Aircraft at different engine load, Cruise load (50%) ship engine 
with different fuel type, and the motor vehicle s for New European Driving Cycle (NEDC) . 
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Among the motor vehicles, light duty diesel (LDD) vehicles have the highest carbonyl 

fraction with ~40% while the exhaust of the 2S-scooters and light duty gasoline vehicles 

dominated by aromatic compounds (Figure 6-2) with fractions of 50% and 65%, respectively. 

Besides, heavy duty diesel (HDD, trucks) vehicles contained mostly acids in their exhaust 

with a fraction of ~60%. The HC content of the HDDs were the lowest among all the vehicles 

tested with a fraction of ~15%. 

 

Figure 6-3: Scatter plot showing aromatic and acidic fractions for the exhaust 
experiments. 

Figure 6-3 compares the acid and aromatic fractions of all vehicles. Diesel-fueled motor 

vehicles tend to have a higher acid fraction compared to aromatic HCs while the LDGs and 

2S-scooters tend to have higher aromatic fraction. The exhaust of the ship fueled with MGO 

and aircraft turbine engine during cruise load have a more similar acid to aromatic ratio to 

LDGs and 2S-Scooters while the respective ratio for HFO-fueled ship is similar to 2S-

scooters. However, the aromatic gases contributing to the total aromatic mass, are different 

between 2S-scooters and HFO-fueled ship. 2S-scooters emitted mostly single-ring aromatics 

(95% of the total aromatic gases) e.g. benzene, toluene, xylenes and methylbenzenes and a 

minor fraction of PAHs (<1%) while HFO-fueled ship contained 22% PAHs. Further HDDs 

have the largest variability in acids compared to other vehicles (green markers). This 

variability however does not correlate with the total NMOG EF of HDDs, ambient 

temperature or fuel type.   
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Further, two of the tests, when investigating 2S-scooters, were performed with an 

alternative fuel (reduced aromatic content). These two tests are shown in Figure 6-3 with 

orange markers. According to these 2S-scooters with the alternative fuel, aromatic OGs, in 

the exhaust, was decreased, and resulted in acid to aromatic ratios similar to LDDs.     

Figure 6-4 compares the fraction of carbonyls and aromatics same as Figure 6-3. Diesel-

fueled motor vehicles have higher carbonyl fraction in the exhaust compared to aromatic 

abundant LDGs and 2S-Scooters. Aircraft and MGO-fueled ship have a carbonyl to aromatic 

ratio more similar to diesel vehicles than LDGs. In contrast, the HFO-fueled ship emissions 

have a higher similarity to 2S-Scooters and LDGs in carbonyl and aromatic abundance. 

 

Figure 6-4: Scatter plot showing aromatic and carbonyl fractions for the exhaust 
experiments.  

Emission factors for total NMOG, aromatic hydrocarbons and polycyclic aromatic 

hydrocarbons (PAHs) are given in Table 6-1. 2S-scooters were by far (about 2 times higher 

than the second highest HFO-fueled ship) the highest mobile source emitter of aromatics 

with an EF of 16.4 x 103 mg/kg fuel. However only a small fraction of the gaseous aromatics 

emitted by 2S-scooters (M2S) were PAHs (PAH EF is 43.7 mg/kg fuel). Compared to a 2S-

scooter, MGO-fueled and HFO-fueled ships emitted about 20 and 40 times higher PAHs, 

respectively at cruise load (Table 6-1).  
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Table 6-1: Emission factors of mobile sources for to tal NMOG, aromatic HCs and PAHs . 

Vehicle 

Emission factor (mg kg-1 fuel) 

Total 
NMOG 

Aromatics PAH 

Light Duty Gasoline (-7oC) 3432 2417 38.1 

Light Duty Gasoline (+22oC) 329 204 2.11 

Light Duty Diesel (-7oC) 584 35.4 0.00 

Light Duty Diesel (+22oC) 631 27.2 0.01 

Heavy Duty Diesel (-7oC) 4086 217 0.07 

Heavy Duty Diesel (+22oC) 1285 27.6 0.00 

Heavy Duty Diesel (+22oC, LPG) 9676 31.9 0.00 

2S-Scooter (+22oC) 32568 16426 43.7 

2S-Scooter (+22oC, Fuel aromatics removed) 15290 681 0.39 

Aircraft Idle (3-5% thrust) 7800 1357 81.4 

Aircraft Idle (6-7% thrust) 3000 444 26.6 

Ship (Cruise 50%, HFO) 27300 7371 1621.6 

Ship (Cruise 50%, MGO) 15400 1694 745.4 

6.4 Atmospheric implications 

Scooters and HFO-fueled ship are the two top mobile sources with the highest NMOG EFs. 

For the same amount of fuel consumed, each of these sources emits 80-100 times more 

NMOG than an LDG under similar ambient temperature (20-25°C). In addition ships fueled 

by MGO also emit much more (50 times) than an LDG. The scooter and ship engine 

experiments (tested two different fuels) imply that a busy port or high 2S-scooter use 

relative to the other motor vehicles or both could be a major NMOG source in a city. These 

mobile sources individually or together potentially impact public health the areas nearby 

either directly or by forming aerosols (Platt et al., 2014). 

Figure 6-5 shows the equivalent on-road distance to average aircraft taxi/idle for aromatics. 

The amount of aromatics emitted by a single turbine engine during taxiing/idling is 

calculated as 140 g for 26 minutes idling/taxiing (ICAO average duration). To match 140 g 

aromatics emitted by one turbine engine (See supplementary section 6.5.1 for the 

calculation details), an LDG needs to be driven for 1000 km during cold weather (-7°C) as 

shown in Figure 6-5. This distance is much longer for HDDs and LDDs under same weather 

conditions, with 11200 km and 68200 km, respectively. 
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Figure 6-5: The distance (km) required to match an average idle/taxi operation of a 
turbine engine for motor vehicles .  

The reduction of the NMOG emissions from ships such as containers, bulk carriers and 

tankers has both regional and global implications since ships do not only harbor at or near 

the ports but also travel over oceans. Heavy fuel oil accounts to ~80% of the ship fuel 

consumed globally (LR & UCL, 2014). Using MGO instead of HFO as fuel, reduces ship NMOG 

emissions by 50% and aromatics by ~%80 times. Therefore switching to MGO could partially 

eliminate both direct (e.g. 50% lower PAH emissions which are hazardous to health) and 

indirect (e.g. secondary aerosol formation) effects of ship NMOG emissions.  

A single idling turbine engine of an aircraft at the airport emits approximately as much as 

100 people driving LDGs to their work in 10 km distance from home in cold weather (-7°C).  

The idling emissions are required to be decreased by reducing taxi-idle durations since the 

NMOG emissions from airports are dominated by idling aircraft (Kilic et al., 2017; Kim, 

2009). Alternatively using electric tows to bring aircraft to the runway or single-engine 

taxi/idle at the airport could significantly reduce airport NMOG emissions.  
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6.5 Supplementary information 

 

Figure S 6-1: Mass fraction of OGs (left) and functional group fractions  (right, pie-
charts) for cruising ship (two fuel types) and idling aircraft .  
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Figure S 6-2: OG fingerprints for all mobile sources tested.  

 

 

6.5.1 Calculation of aircraft taxi-idle aromatic emission and equivalent distances for on-

road vehicles 

𝑰𝒅𝒍𝒊𝒏𝒈 𝑨𝒓𝒐𝒎𝒂𝒕𝒊𝒄 𝑶𝑮𝒔 (𝒈) = 𝑬𝑭(𝒈 𝒌𝒈−𝟏𝒇𝒖𝒆𝒍)𝒕𝒂𝒙𝒊−𝒊𝒅𝒍𝒆 × 𝑭𝑪 (𝒌𝒈 𝒔𝒆𝒄−𝟏) × 𝑭𝑫(𝒔𝒆𝒄) 

EF: Average taxi-idle aromatic emission factor = 0.9 g kg-1 fuel 

FC: Taxi/idle fuel consumption of 0.1 kg sec-1  

FD: ICAO-average taxi/idle duration = 26 minutes = 1560 seconds 

Idling-aircraft aromatic OGs ≈ 140 g 

For example, a 2S-Scooter emitting 0.4 g aromatics km-1(See Table S 7-1): 

 Distance (km) = 140 g / 0.4 g km-1 = 350 km 
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Table S 6-1: Total NMOG, gaseous aromatic and PAH (gases) emission factors (per km) 
of on-road vehicles. 

Vehicle 
Emission Factor (mg km-1) 

Total 
NMOG 

Aromatic PAH 

Light Duty Gasoline (-7oC) 199.05 140.18 2.21 

Light Duty Gasoline (+22oC) 19.10 11.82 0.12 

Light Duty Diesel (-7oC) 33.85 2.06 0.00 

Light Duty Diesel (+22oC) 36.62 1.58 0.00 

Heavy Duty Diesel (-7oC) 237.01 12.58 0.00 

Heavy Duty Diesel (+22oC) 74.51 1.60 0.00 

Heavy Duty Diesel (+22oC, LPG) 561.22 1.85 0.00 

2S-Scooter (+22oC) 766.97 386.83 1.03 

2S-Scooter (+22oC, Fuel aromatics removed) 305.81 13.63 0.01 
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7 Conclusions 

Primary gaseous and particulate emissions from in-service aircraft turbine engines were 

investigated using an experimental setup capable of measuring organic gases, CO, CO2 and 

NR-PM1. Exhausts from these engines were also aged using a flow tube (PAM) to simulate 

atmospheric oxidation. Measurements were conducted for different engine loads 

corresponding to LTO cycle flight modes of approach (thrust 30%), taxi-idle (thrust 2.5-7%), 

take-off (thrust 100%) and climb (thrust 85%). The aircraft NMOG emissions of different 

engine loads were also compared to the other mobile sources i.e. ship, 2S-scooter, LDGs, 

LDDs and HDDs. 

Emission indices (EIs) of more than 200 NMOGs were quantified, and grouped according to 

their functionality (including acids, carbonyls, aromatics, and aliphatics). Total NMOG 

emissions were highest at idling with an average EI of 7.8 g/kg fuel and decreased with 

increasing thrust (being a factor of ~40 lower at take-off thrust compared to idling). The 

pure hydrocarbon fraction (particularly aromatics and aliphatics) of the engine exhaust 

decreased with increasing thrust, while the fraction of oxidized compounds, e.g. acids and 

carbonyls increased. Older engines emitted a higher fraction of non-oxidized NMOGs 

compared to newer ones showing that the exhaust chemical composition at idle was also 

affected by engine technology. 

NMOG emissions during taxi and idle operations account for more than 90% of the NMOG 

emission mass during an LTO cycle. Emissions from these conditions dominate due to both 

the high idling EIs and the large fraction of time spent by an aircraft during idling (26 

minutes). LTO emissions for idling aircraft, utilizing several engine operation protocols, were 

measured to have wide variability.  The average total NMOG emissions from all the tested 

engines was 1.26 kg/LTO at idling <6%, and only 0.56 kg NMOG/LTO at 6-7%. This study 

showed that although all engine operation at ≤7% thrust is nominally classified as taxi/idle, 

the precise thrust used has a major effect on the total NMOG emissions.  

The oxidation of NMOGs using the PAM yielded a SOA EI of 10 and 100 times more than 

POA during cruise and idling conditions, respectively. This high SOA/POA ratio implies that 

the major NRPM1 contribution from turbine engines is due to unregulated secondary 

particles formed in the atmosphere due to the aging of primary emissions. 

Further, SOA formation was attributed mostly to the oxidation of aromatic gases at idle. By 

considering published SOA yields, we achieved closure between measured SOA precursors 

and formed SOA mass, measured by the AMS. The most important SOA precursors were 

aromatic gases. In contrast to emissions at low thrust level conditions, aging of emissions 

generated at high thrust yielded mainly sulfate.  
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NMOG emissions from airports are dominated by idling aircraft making airports an 

important source of both gaseous and particulate pollutants. Due to the dominant 

contribution of idling emissions to total ground-level aircraft NMOG emissions, shut-down 

of half the aircraft engines at idle is suggested as a potentially beneficial emission reduction 

strategy. This shut-down does not only eliminate emissions from the deactivated engine, 

but increases the power load of the engines remaining in operation, leading them to a more 

efficient operation and lower emissions per fuel consumed. The effects of this shut-down on 

a twinjet aircraft from a single engine can be roughly estimated as a change from the thrust 

2.5-5% to 6-7% decreasing the NMOG EI from 2.23 kg/LTO to 0.56 kg/LTO (approximately a 

factor of 4). Therefore, engine shut-down at idling could improve air quality in the airport 

micro-environment, by reducing NMOG emissions from aircrafts and SOA upon their aging. 

The use of electric tow tractors to reduce the idling duration could be another alternative to 

reduce gaseous pollutant concentrations from aircraft. 

We also compared the airplane engine emissions to other fossil fuel combustion emissions 

from mobile sources. Scooters and HFO-fueled ship are the two mobile sources with the 

highest NMOG EFs. For the same amount of fuel consumed, each of these sources emits 80-

100 times more NMOG than a light duty gasoline car under similar ambient temperatures 

(20-25°C). Although the aircraft EI were not the highest among the vehicles tested, the 

amount of aromatics emitted by a single turbine engine during taxiing/idling is calculated as 

140 g for 26 minutes idling/taxiing (ICAO average duration). To match 140 g of aromatics 

emitted by one turbine engine, a gasoline car needs to be driven for 11200 km during low 

temperature (-7°C) or even 68200 km at 20-25°C. In other words a single idling turbine 

engine of an aircraft at the airport emits approximately as much as 1000 people driving 

LDVs to their work in 10 km distance from home. 
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8 Outlook 

Many scientific goals were achieved by the successful A-PRIDE campaigns as discussed 

above including (i) characterization of the gaseous and particulate emissions from aircraft 

turbine engines for different engine operation modes, (ii) aging of the aircraft exhaust 

emissions and (iii) comparison of aircraft NMOG emissions to other mobile sources.  

While a PTR-ToF-MS is capable of the quantification of a wide variety of organic gaseous, 

species with a proton affinity lower than water, e.g. alkanes, are not accessible. The PTR-

ToF-MS measurements do not allow for a separation between isomeric compounds, with 

the same chemical formula. Therefore, coupling our measurements with online or offline 

gas-chromatography techniques would significantly extend our knowledge of the exhaust 

chemical composition. 

SOA yields used here are for a limited number of compounds with uncertainties due to the 

different aging conditions e.g. NOX level. The SOA potential of many other OGs needs to be 

verified as well under different aging conditions, preferentially using the PAM, with the 

same settings as in this thesis.  

The quality of the fuel could also influence aircraft emissions. Previously Brem et al. (2015) 

reported that the fuel aromatic content influences aircraft particle emissions. Due to 

technical reasons, the influence of fuel doping with aromatics on SOA formation could not 

be assessed during our measurements. Similar to affecting the particle emissions, the fuel 

content may also influence the emissions of the organic gases during idling, which warrants 

further experiments. 

Further, two of the older engines tested led to higher OG emission factors. This implies a 

likely engine age or manufacture year impact. Extending exhaust measurement for more 

engine types and ages could answer some open questions regarding the dependence of OG 

emissions on engine parameters.  

Aging experiments were performed under ground level atmospheric conditions also for 

cruise loads. However, the atmospheric conditions at cruise altitudes are largely different 

from ground level. Specifically, pressure and temperature are much lower (100 mbar, -50 

°C) compared to ground level (1000 mbar, +20 °C). The investigation of SOA under these 

cruise altitude conditions should be performed for a better representativeness of the 

emissions at high altitude. 

Secondary aerosols (SA) from mobile sources are not directly regulated by any authority 

although being 10-100 times higher than POA for an aircraft for example. As shown in this 

study oxidizing flow tubes (e.g., PAM) providing fast and atmospherically relevant aging 

simulations could be used to estimate the total SA formation potential of mobile sources. 
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Results here provided fingerprints of organic gases of an idling aircraft and also other 

vehicles. These fingerprints could help the apportionment of sources at receptor sites 

affected by these emissions. Such measurements using a stationary or mobile platform can 

be very valuable for the estimation of the effect of different mobile sources on ambient air 

quality.  
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