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Abstract: Aviation emissions have been the focus of research and regulation since the 1970s. Switzerland’s 
Federal Office of Civil Aviation (FOCA) and research groups in Switzerland have contributed significantly to an 
improved understanding of these emissions and their impact on the environment and health. This paper presents 
a brief history of aviation emissions research in Switzerland. We also present the direction of future research on 
aviation emissions using the Swiss mobile aircraft emissions measurement system (SMARTEMIS).
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1. Introduction and Background
The impacts of aviation’s emissions on the environment  

and their mitigation have been in focus since the 1970s.[1]  
Early particulate matter (PM) mitigation efforts targeted the 
reduction of visible smoke, with the smoke number measurement 
standard approved in 1970[2] and regulatory limits taking effect 
in 1983.[3] Similar efforts also targeted reduction of gaseous 
emissions such as nitrogen oxides (NOx), carbon monoxide (CO) 
and hydrocarbons (HC) at the same time.[3,4]

The smoke number standard in concert with improved 
combustion efficiency have drastically reduced PM mass 
emissions, especially black carbon mass concentrations. 
However, these efforts may have also shifted the emitted particles 
towards smaller ultrafine particles (UFPs), which are particles 
with a diameter less than 100 nanometers (100 nm = 1/10 000 
of millimeter), with higher PM number concentrations. UFPs 
are invisible to the human eye. At the engine exhaust exit plane 
(EEP), particulate emissions primarily consist of ultrafine soot, 
also known as black carbon, from incomplete combustion. In 
aircraft emission standards, such particles are defined as ‘non-
volatile’ PM (nvPM; solid particles in the exhaust that remain 
solid when reheated to 350 °C). These particles are present at 
the high temperatures at the EEP. Compared to traditional diesel 
engines, gas turbine engine nvPM is typically smaller in size, 
with a geometric mean diameter ranging roughly from 10 nm to 
60 nm.

Today, high UFP number emissions remain an issue. Thanks 
to the introduction of the nvPM regulations for nvPM mass and 
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The first step in finding solutions was to develop a robust 
measurement approach. This happened in an international 
collaboration through research programmes discussed, analysed, 
and guided by the SAE E-31 Committee. Around 2010, the first 
design of a standardised system was drafted, and it was FOCA 
that turned it into working hardware. The breakthrough, though, 
was winning SR Technics as a partner. This partnership allowed 
the installation of the prototype in their facility and enabled 
emission measurements during engine maintenance test runs. A 
core innovation provided was the development and installation of 
a retractable emissions probe at SR Technics in 2010, which could 
withstand the harsh environment of the exhaust stream of large 
aircraft gas turbines. On 25 May 2011, the first measurements 
of large engines running in the SR Technics test cell were made. 
This was the start of the so-called A-PRIDE campaigns (Aviation 
Particle Regulatory Instrumentation Demonstration Experiments, 
funded by FOCA and international partners with a goal to make 
measurements mature for certification and regulation in the future 
(see Fig. 1):
•	 A-PRIDE 1 (2011): Particle number measurement instrument 

development (with AVL Graz), Lead FOCA
•	 A-PRIDE 2 (2011): Comparison of the Swiss system with the 

North American prototype system
•	 Start of the strong collaboration between Swiss FOCA, 

the US FAA (Federal Aviation Administration), Transport 
Canada (TC), and the European Union EASA (European 
Union Aviation Safety Agency)

•	 Start of the involvement of Empa as the Swiss project 
lead for performing the emissions tests for all subsequent 
A-PRIDE campaigns

•	 A-PRIDE 3 (2012) + EASA SAMPLE III (studying, sampling 
and measuring aircraft particulate emissions, III): verification 
of the concept sampling system; development of an ARP; 
comparison between the Swiss system and the improved North 
American system; demonstration that lean burn combustion 
can drastically reduce nvPM emissions using SR Technics’ 
CFM56-5B DAC (double annular combustor) engine.[11]

•	 A-PRIDE 4 (2012): Performance evaluation and comparison 
of the Swiss and the North American system built to the same 
draft specifications;[11] mass instrument comparison, particle 
effective density measurements.[12]

•	 A-PRIDE 5 (2013): First in the world certification-like particle 
emission test of a turbofan engine;[14] side by side comparison 
of North American, EASA and Swiss systems; validation of 
the SAE ARP.

•	 A-PRIDE 6 (2013): Comparison between the Swiss reference 
system and the first commercial system built by AVL, later 
purchased by several engine manufacturers.

•	 A-PRIDE 7 (2014): Installation of a 2D traverse sampling 
probe; engine exhaust plane emission mapping; fuel sensitivity 
testing and development of fuel correction for certification 
measurements;[15] mass instrument intercomparison, smoke 
number to soot particle mass correlation.[14]

•	 Conversion of the Swiss prototype nvPM measurement 
rack into an industrial product, while maintaining the 
original parts of the sampling system and instrumentation 
to guarantee the status of a reference system. 

•	 General Electric (GE) / Snecma (now Safran) provides a 
test engine.

•	 A-PRIDE 8 (2015): mass instruments intercomparison; fuel 
doping for fuel specification; and exit plane mapping.
After the A-PRIDE projects, the EMPAIREX (Emissions of 

particulate and gaseous pollutants in aircraft engine exhaust) 
projects 1 and 2 continued the emission measurement work 
on alternative fuels and health effects (outlined below). Empa 
seized all aviation emission research activities in December 
2018 and the Zurich University of Applied Sciences’ (ZHAW) 

number,[5] which came into effect globally in 2023, new engine 
types show considerably lower emissions. Presently, the aviation 
sector is the only sector with global standards for nvPM number 
emissions. The global aviation emission standards are continuously 
improved by the International Civil Aviation Organization’s 
(ICAO’s) Emission Technical Working Group 3 (WG3) and 
the Society of Automotive Engineers (SAE) International’s 
engine emissions committee (E-31), which produces aerospace 
recommended practices (ARPs). Volatile PM (vPM) does not 
exist in the hot core flow at the EEP and is formed downstream 
in the plume. Work is underway in ICAO to address precursor 
emissions of vPM in the future. 

The development of the prototype for the Swiss Mobile 
Aircraft Emissions Measurement System (SMARTEMIS, Swiss 
System[6]) in 2010 by the Swiss Federal Office of Civil Aviation 
(FOCA) and the access to the engine test cell of SR Technics, an 
engine maintenance facility at Zurich airport, were fundamental 
for the establishment of the ICAO nvPM emissions measurement 
standard and regulation.[7] As engines need performance testing 
after overhaul and repair, the emissions system development 
could piggyback on such engine runs at a very low cost. 
SMARTEMIS is one of three global reference systems for the 
ICAO nvPM emissions certification measurements. The term 
‘reference system’ is used because SMARTEMIS is one of the 
three systems worldwide that have been compared side by side 
when measuring engine emissions based on specifications to make 
nvPM measurements comparable worldwide. nvPM measurement 
systems used for aircraft engine emission certification have to 
meet the specification and operational requirements from these 
reference systems, as prescribed in the global standard in ICAO 
Annex 16 Volume II and the corresponding Environmental 
Technical Manual Volume II.[4]

Here, we present a brief history of SMARTEMIS and 
Switzerland’s aviation PM emissions research efforts. We provide 
a summary of the contributions to different areas of research in 
aviation PM and environmental impact. 

2. Brief History of SMARTEMIS and Aviation Emissions 
Measurements in Switzerland

The Swiss aviation law requires the authority (FOCA) to 
check emissions of aircraft engines. This also applies to globally 
unregulated engines or emissions. In 2004, FOCA began attending 
the annual ETH nanoparticle conferences, where research 
results on UFP emissions targeting ground vehicle emissions, 
instrumentation development, and health effects were shared and 
discussed among the participants. These conferences played a key 
role in the development of regulations governing UFP emissions 
in aviation. 

FOCA was already involved in emissions testing on aircraft 
piston engines. With this experience, FOCA started a collaboration 
with DLR’s (Deutsches Zentrum für Luft- und Raumfahrt) 
Institute of Combustion Technology, which had experience with 
new fast UFP sizing instruments such as the fast electrical mobility 
particle sizer (TSI Engine Exhaust Particle Sizer (EEPS)). This 
collaboration targeted emission measurements from large aircraft 
gas turbines. Measurements of aircraft engine plumes at Zurich 
Airport revealed emissions of extremely small (non-volatile) 
particles. Similar observations were made before and at the same 
time in extensive scientific measurement campaigns led by NASA 
(National Aeronautics and Space Administration) in the United 
States[8] and DLR in Europe.[9] With this revelation, combined 
with information about health effects and the potential role of such 
particles for contrail formation, FOCA and researchers around 
the globe made efforts to develop a mitigation strategy. The key 
document, which FOCA presented to regulators and industry in 
ICAO in 2008, was ‘PM characterisation and regulation: Ways 
forward for aircraft engines’.[10]
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stream. The first microscopic imaging study at SR Technics was 
conducted in 2013 in the A-PRIDE 5 campaign[20] and again in the 
EMPAIREX project[21] by Empa, which investigated the structure 
of soot using transmission electron microscopy (TEM) and X-ray 
microscopy. Within the AGEAIR (see list of abbreviations) projects 
by METENVIA, a further study investigated the structure of soot 
and volatile particles also downstream from the EEP. This study 
identified new structures of exhaust particles in the plume.[22]

The composition and behaviour of the PM downstream of the 
exhaust plane also provides valuable information for understanding 
the health and environmental impacts. Investigation of plume 
dynamics started in the EMPAIREX 2 project, with measurements at 
the EEP, 15 m from the EEP in the SR Technics test cell silencer and  
at the top of the exhaust stack. Also, of recent interest is the presence 
of lubrication oil in the exhaust stream,[23,24] which has potential 
neurotoxicological health implications and the potential to act as 
condensation nuclei for contrail formation. With the Paul Scherrer 
Institute’s (PSI’s) APPROPRIATE (Aviation plume properties at 
point of Exposure) project (started in 2021), research assessed the 
composition of particles collected downstream of the EEP and 
the presence of lubrication oil in the exhaust plume.[23] Within 
the ACACIA (Advancing the science for aviation and climate, 
EU-Funded) project from 2020, research also investigated the 
ice nucleation potential of particles at the EEP and downstream, 
identifying potential changes in the soot nucleation potential with 
aerosol ageing.[25,26]

4. Outlook and Conclusions: Ongoing and Future 
Research on Aviation PM 

Beyond the above projects, emissions research continues with 
focus shifting to total particulate matter (TPM) and the contribution 
of vPM. New engine technologies, such as the CFM LEAP 
(leading edge aviation propulsion) and Pratt &Whitney geared 
turbofan (PW-GTF) engines, have significantly reduced nvPM 
emissions. Also, shifts to hydrotreated fossil fuels and SAF blends, 
containing lower aromatics and sulfur, are expected to further 
reduce TPM emissions. However, there are still knowledge gaps in 
the investigation of lubrication oil emissions from jet engines and 
their impacts on the environment and potential mitigation. While 
SAFs are expected to also reduce vPM emissions, the effects of 
the composition of vPM including volatile organic compounds 
(VOC), and consequential environmental impacts are still being 
investigated. The toxicity of these emissions remains a subject for 
further interdisciplinary research.

Therefore, future research will investigate factors that 
contribute to VOC and vPM emissions, also for modern engines 
and fuel technologies. Research will target vPM impacts on 
the environment and ways to control vPM emissions, now that 
nvPM emissions are under control. Emissions research will also 

Centre of Aviation (ZAV) took the lead in all activities, including 
the maintenance of SMARTEMIS and performance of engine 
emission measurements, until today.

ZHAW continues to facilitate research in aviation emissions 
and impacts. Also, the consistent research support from FOCA and 
continuous maintenance and advancement of SMARTEMIS have 
been the backbone of aviation emissions research in Switzerland 
and Switzerland’s contribution to global research in this field.

3. Advancing nvPM Emissions Measurements and 
Research: Summary of Past Research on Aviation PM 

To date, emissions from almost 200 large in-service engines 
have been measured at SR Technics since the first measurements 
in 2011. In addition, several certification-like measurement 
campaigns have been conducted on small turbofan engines for 
business jets and large engines using SMARTEMIS in various 
parts of the world. These emission measurements have provided 
answers to research and development questions in several projects 
funded by FOCA and the European Commission, addressing the 
health and climate impacts of aviation PM emissions.

Research has continued with SMARTEMIS alongside its 
continuous development since the A-PRIDE projects. Fuel 
research has investigated the benefits of sustainable aviation fuels 
(SAFs) for emissions reduction on several engines. For example, 
fuel composition and emissions studies investigated hydro-
processed esters and fatty acids, synthetic paraffinic kerosene 
(HEFA-SPK) on CFM56-7B engines in 2017[16] and on small 
turbofan engines on business jets in 2017, 2019, 2023, 2024 (e.g. 
on-wing on a Dassault Falcon 900 aircraft[17]). 

The potential health impact of aviation PM emissions was 
the motivation behind the nvPM standards and regulations. 
There are, however, very few studies on the toxicity of these 
emissions. A toxicity study with lung cell exposure (FOCA-
funded project, REHEATE (Respiratory health effects of PM 
generated by aircraft turbine engines)) was conducted in 2017 
and 2018 at SR Technics,[18,19] which showed the direct impact 
of nvPM emissions at idle thrust settings on lung cells and the 
potential benefits of cleaner-burning blends with HEFA-SPK. 
These results were key for convincing the member states of 
the ICAO Committee on Aviation Environmental Protection 
(CAEP) and the ICAO Council to agree to the introduction of 
the nvPM regulations. This research continues today in the on-
going ADVISAR project (Addressing feasibility studies towards 
cleaner aviation and environmental impacts research with SAF 
on unregulated engines) by the Meteorology, Environment and 
Aviation research unit (METENVIA), ZAV ZHAW to establish a 
more routine method for cell toxicity studies on jet engine exhaust. 

Also relevant to the health and climate impacts of nvPM 
emissions is the structure of the particles emitted in the exhaust 

Fig. 1. Major steps and projects in the development and application of SMARTEMIS. 
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