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Abstract 
The quality of the air that surrounds passengers and air crews on board commercial transport 
aeroplanes has been the subject of ongoing discussion for the past 60 years. The discussion has 
centred on questions concerning the possible health effects (acute or delayed) of specific cabin air 
contamination (CAC) events or of chronic exposure to repeated low levels of contaminants. In-service 
measurement campaigns did not reveal exposure to concentrations of substances that could explain 
above mentioned concerns with traditional risk assessment. DG Move designed a research project 
aimed at the identification of facts concerning aircraft-cabin air quality (CAQ) adding novel insights into 
the causes and possible toxicological effects of contaminants in particular during so-called smell in 
cabin (fume) events. The insights generated by this project contribute to better understanding of the 
situation during upset events, to the advancements of mitigation strategies and to develop 
recommendations for further research. The objective of the FACTS project was based on an innovative 
approach to the challenge of identifying the possible physiological impact of smell in cabin (fume) events 
caused by contaminated bleed air. During the project, test flights, ground tests, experiments in 
stationary equipment and desk studies were performed. 
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Executive summary 
Observations concerning previous research on cabin/cockpit air quality 
The quality of the air that surrounds passengers and air crews on board commercial transport 
aeroplanes has been the subject of serious, ongoing discussion for the past 60 years, from the 
perspectives of both health and safety. The discussion has centred on questions concerning the 
possible health effects (acute or delayed) of specific cabin air contamination (CAC) events or of chronic 
exposure to repeated low levels of contaminants. In recent decades, extensive research, including in-
flight measurements of the composition of cabin/cockpit air, has been conducted to address these 
issues by trying to establish a causal relationship between cockpit/cabin air and the occurrence of 
adverse health effects. To what extent has this past research actually contributed to finding answers to 
these questions? A close look into the aviation world reveals that different stakeholders hold different 
views on the relationship between the quality of cockpit and cabin air and health complaints.  
  
What are the outcomes of the extensive studies that have been conducted to date? Three relevant 
studies are discussed here. In the period 2007–2011, Cranfield University conducted an aircraft cabin-
air sampling study1 in response to concerns about possible adverse effects of exposure to substances 
in cabin air on the health and well-being of air crew. This study was based on a range of air-quality 
measurements conducted during the course of 100 flights. During these flights, no fume events 
occurred that triggered the airline’s protocols for the formal reporting of incidents. In post-flight 
questionnaires, however, members of the flight and cabin crew, as well as the investigating scientists, 
did report a number of fume/smell events. Samples taken specifically during recorded air-quality events 
did not reveal any notably elevated concentrations of any of the individually measured pollutants. With 
respect to the flight conditions experienced during this study, therefore, the results reveal no evidence 
that target pollutants occurred in the cabin air at levels exceeding existing standards and guidelines for 
health and safety. 
 
The European Union Air Safety Agency (EASA) published two studies aimed at generating solid 
scientific knowledge about cabin air quality (CAQ) on board large aircraft, as operated in commercial 
air transport. The first study was conducted by a consortium of Fraunhofer ITEM and the Hannover 
Medical School.2 The study was based on a total of 69 measurement flights performed between July 
2015 and June 2016 on eight types of aircraft/engine configurations. Of these flights, 61 were on aircraft 
equipped with engine bleed air systems, and the other eight were on Boeing 787 aircraft, which are 
equipped with electrical compressors (i.e. a ‘bleed-free’ system). For all flights, measurement 
equipment was installed in the cockpit and in the cabin. Special attention was paid to 
organophosphates, particularly tricresyl phosphates (TCPs). The results indicate that the quality of 
cabin/cockpit air is comparable to the air quality observed in normal indoor environments (offices, 
schools, kindergartens, dwellings). The study also revealed that cabins supplied with electrical 
coomressors were not devoid of TCP, which was detected on Boeing 787 aircraft at similar 
concentrations compared to aircraft with bleed supply. None of the observations revealed instances in 
which occupational exposure limits and indoor guidelines were exceeded. No detected contamination 
reached critical or unusual concentrations for indoor environments. 
 
The second study by EASA was conducted between 2015 and 2017 by a consortium of the Netherlands 
Organisation for Applied Scientific Research (TNO) and the Dutch National Institute for Public Health 
and the Environment (RIVM).3 This study characterised the chemical composition of turbine-engine oils 
(including pyrolysis breakdown products) in transport aircraft, and the toxic effects of the chemical 

 
 
 
1 Crump, D., P. Harrison and C. Walton (2011). "Aircraft Cabin Air Sampling Study." Cranfield University, UK, Institute of 
Environment and Health. Cranfield Ref No YE29016V. 
 
2 Schuchardt, S., A. Bitsch, W. Koch and W. Rosenberger (2017b). "Preliminary Cabin Air Quality Measurement Campaign." 
(CAQ II), Supplementary study on B787, Final Report EASA.2014.C15. SU01 
 
3 Houtzager, M., J. Havermans, D. Noort, M. Joosen, J. Bos, R. Jongeneel, P. van Kesteren, H. Heusinkveld, I. van Kamp, S. 
Brandsma and R. Westerink (2017). "Characterisation of the toxicity of aviation turbine engine oils after pyrolysis." (AVOIL), Final 
Report EASA.2015.HVP.23. 
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compounds that can be released from pyrolysed oil. The analyses detected 176 different chemical 
compounds in pyrolysed jet oil, as well as the presence of neuroactive products. The concentrations in 
the presence of an intact lung barrier are considered too low to be of major concern for neuronal 
function. Although TCP was present in the oils analysed, no ortho-isomers could be detected. 
 
Finally, analysis of the human sensitivity variability factor indicated that the complete metabolic pathway 
and the contribution of inter-individual variability in the metabolic enzymes is still largely unknown for 
the majority of industrial chemicals, including cabin air contaminants. However, several studies have 
concluded that further research is needed in order to improve the investigation of health aspects. 
 
According to the studies that have been conducted to date, although many measurements have been 
performed in aircraft, there aren’t many  measurements of contaminants, during events, when smell in 
cabin was reported. This hampers the evaluation of consequences for maintenance procedures, the 
health of aircraft crew and passengers, and the implementation of mitigating measures if necessary. In 
the future, monitoring the air on board aircraft for a few dedicated marker compounds would constitute 
a major advancement in tracking the performance of air supply systems on board over time. 
 
In light of persistent uncertainties surrounding these concerns, DG Move designed a research project 
aimed at the identification of facts concerning aircraft-cabin air quality (CAQ), and particularly the 
potential toxicity of bleed air contaminated by jet engine oil or other contaminants (e.g. from de-icing 
fluid, ozone, emissions from airport). The FACTS project builds on existing expertise developed in 
previous European and international projects, adding novel insights into the causes and possible 
toxicological effects of contaminants. The insights generated by this project are intended to contribute 
to the development of mitigation strategies and recommendations for further research. 
 
As described by DG-MOVE in the Tender document MOVE/C2/2016-363, the project was to consist of 
the following tasks: 

Task 1. Review of the state of the art and establishment of the baseline for the work 
Task 2. Exposure monitoring: Identification of the causes of bleed air contamination and 
assessment of the impact on the quality of cockpit/cabin air 
Task 3. Toxicological risk assessment 
Task 4. Engineering Controls: Risk-mitigation strategy 
Task 5. Conclusions and recommendations. 

 
As described in this report, the research was conducted between 2017 and 2019 by a consortium 
consisting of TNO (coordinator), Fraunhofer, VITO, AIRBUS, Honeywell and RIVM, in collaboration with 
subcontractors and aircraft companies.  
 
Innovative approach taken in FACTS  
A multitude of research projects around the world have suggested that fume events may happen in 
about one of every 5,000 flights, although categorization of the events is extremely difficult. An extensive 
commercial flight campaign aimed at capturing fume events would thus be quite inefficient in terms of 
both cost and time, and it would not necessarily yield the desired outcomes. Even if such a campaign 
were to be able to capture sufficient data, the interpretation of the results would always be subject to 
doubt. Such uncertainty is rooted in a multitude of aspects. First, each fume event and it’s subjective 
perception is unique, thus making fume events as a whole less suited to statistical analysis. Second, 
each aircraft is unique. Engines and engine ages vary, as do the makes, configurations and missions 
of aircraft. Other sources of variation include operational conditions, Environmental Control Systems 
(ECS) and cabin-air distribution systems. The objective of the FACTS project was based on an 
innovative approach to the challenge of identifying the possible physiological impact of smell in cabin 
(fume) events caused by contaminated bleed air. This approach offers a number of strategic 
advantages. For example, the use of a specially built Bleed Air Contamination Simulator (BACS) helps 
to generate insight into the composition and possible toxicity of fume events, regardless of the type or 
condition of the engine, the sort of ECS system used and any variations in air-distribution systems. The 
BACS also eliminates the unmanageable variation existing throughout the entire air-supply chain for 
the cabin. The consortium opted to use controlled experiments, supplemented with specific test flights 
for purposes of verification.  
 



 
 

Doc.nr: 
Version: 
Classification: 
Page: 

FACTS-D7 Overall Summary 
FINAL 
Public 
7 of 151  

 

Copyright © 
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of air-quality levels inside the cabin of large transport 
aircraft and their health implications 

 

For toxicology experiments, the consortium opted for in-vitro screening methodology  combined with an 
in-vivo mice inhalation study focussing on neurotoxicity and behavioural changes. In all these 
experiments the analysis of biomarkers from zebrafish and mice were foreseen. 
  
The consortium’s research design eliminates the ethical issues that would accompany the long-term 
biomonitoring of air crew and passengers. The FACTS team was able to draw conclusions concerning 
the possible toxicity of fume events for human beings without actually involving humans.  
 
Several of the tasks planned for the FACTS project could not be carried out in their entirety within the 
study period. These tasks included the BACS and Engine test-rig measurement, the in-vitro screening 
and the in-vivo mice-inhalation study, including biomarker analyses. The consortium therefore strongly 
recommends that the unfinished FACT tasks be completed in future research. 
 
Project objectives 
The main objective and scope of the FACTS project are as follows:  

 To develop a reliable characterisation of the composition and concentration of 
contaminants of bleed air and their impact on cabin/cockpit air quality. The analytical 
spectrum is intended to cover all common compounds that may be present in the bleed air 
system, with a particular focus on potentially hazardous organophosphate compounds 
(OPCs), due to their potential neurotoxicity. 

 To identify potential short-term and/or long-term health effects—both toxicological and 
physiological—that might evolve from exposure to such cabin air, while allowing for 
quantitative differentiation between chronic and worst-case exposure. Chronic exposure 
maps routine flight conditions, while worst-case exposure reflects the presence of peaks of 
contamination resulting from cabin air contamination (CAC) events. 

 To develop a strategy for simulating CAC events, given their rarity and the fact that it would 
be prohibitively expensive to conduct a monitoring campaign on a sufficient number of 
flights to ensure that the study would yield useful information about the patterns and levels 
of pollution during CAC incidents. 

 To develop a toxicological risk-assessment methodology to support decision-making 
concerning cabin air quality (CAQ). 

 To develop a strategy for mitigating risks relating to CAQ, aimed at reducing the likelihood 
of CAQ risks and their effects. 

 
Conclusions and recommendations 
Based on the results of the FACTS study, conclusions and recommendations for the separate tasks are 
described in the following sections. 
 
Review of state of the art and establishment of the baseline for the work (FACTS-D7.T1) 
 
Conclusions: GAP analysis – Exposure monitoring 
Both laboratory and in-flight measurements have greatly contributed to the accumulation of knowledge 
concerning the chemical composition and degradation of chemical substances, the compositions of the 
engine oil applied and its vapours, and the impact of the emissions of bleed air contaminants on cabin 
air quality (CAQ). Knowledge should be focused on understanding one particular issue—cabin/cockpit 
air contamination (CAC) due to potential leaks—which results in short-term peaks of CAC. The intrinsic 
quality of the cockpit/cabin air under normal flight operating conditions has been the subject of many 
in-flight monitoring campaigns, which have yielded a good general overview of air quality on board 
aircraft. Of even greater importance, however, is the investigation of possibilities for the management 
and monitoring of air quality (including the marker components to be measured) for aircraft, which could 
allow for the proper assessment of CAQ. A review of the available literature reveals the following data 
gaps: 

 Chemical mapping between the low pressure (LP) and high pressure (HP) sections and the 
cockpit/cabin is lacking. Current knowledge is insufficient with regard to what happens as 
certain uncontrolled chemical emissions flow into the cockpit/cabin. 

 Little is known about the chemical nature and character of CAC events. 
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 There is a need for chemical surveys of the surface contamination in the packs and ducts, as 
well as of the filter material used in the recirculation air system. 

 International inter-laboratory studies on sampling and analysis of tricresyl phosphates (TCPs) 
are lacking, resulting in poor validation data on method-performance characteristics. This 
makes it difficult to compare data on TCPs between monitoring studies. 

 Most in-flight measurement campaigns differ in terms of experimental design, analytical 
approach and the statistical presentation of results. This also makes comparisons difficult. 
Analytical standardisation processes are needed in order to harmonise the monitoring of air 
quality. 

 A complete understanding is lacking with regard to processes that influence chemical emissions 
throughout the air-supply system as a whole, starting from the LP and HP sections, through the 
ECS packs and ducts, to the cockpit/cabin. 

 It is unclear which components might be formed along the route from the source to the flight 
deck and passenger cabin. 

 Suitable marker components for assessing CAQ have yet to be clearly identified. 
 Few measurements campaigns have been conducted to study de-icing, despite the serious 

contaminant effects that the spraying of de-icing agents can have on CAQ. Although many 
cases of glycols entering the cabin have been reported, little data has been collected on this 
phenomenon.  

 
The continuation of projects to monitor air quality in-flight is unlikely to be constructive, given the 
improbability of encountering actual CAC events in view of the low number of incidents triggered by 
engine oil. Appropriate simulations are likely to provide a means of responding to some of the issues 
raised above. The simulation of bleed air contamination on the ground in real aircraft cabin air 
environments and during test flights in real aircraft could help to fill this knowledge gap. It is important 
to investigate the ‘black box’ of ECS, packs, ducting and HEPA filters in order to map the possible 
accumulation of bleed air contaminants (BAC) in the air system. 
 
Conclusions: Gap analysis – Toxicological risk assessment 
The central question concerns whether exposure to neurotoxic substances formed during fume events 
could be the cause of neuronal damage, as observed in alleged cases of ‘aerotoxic syndrome’. One of 
the main problems in the risk assessment of CAQ is the lack of data on neurotoxicity hazards for the 
majority of substances present in fumes. More importantly, fume events on board aircraft have the 
potential to expose occupants to a complex mixture of a large number of different substances, in highly 
variable concentrations.  
 
Few in-vitro or in-vivo toxicity tests of mixtures have been performed within the context of fume 
contaminants. There is a need for testing of combined toxicity of substances that may be present in 
engine fumes, given the current lack of knowledge concerning the hazards and potential health effects 
of exposure to such mixtures in general.  
 
Toxicity screening requires integrated cellular testing approaches that combine a variety of organ 
systems, along with whole-organism test systems, in order to allow more realistic simulation of organ 
interaction and to ensure that the test system includes metabolic competence. Few experiments have 
been conducted on the translation of in-vitro to in-vivo results within the context of fume exposure. 
 
It is necessary to study biomarker formation, stability and half-life under conditions of controlled 
exposure, thereby allowing the investigation of the relationship between fume mixtures and internal 
exposure doses, without interference from other sources that could influence the biomarker levels. It is 
therefore necessary to screen for and semi-quantify selected/targeted biomarkers in animals exposed 
to realistic and characterised fumes.  
 
Integrated in-vitro testing strategies combining a realistic exposure scenario (inhalation exposure) with 
a relevant readout (neuronal function) are needed. Although in-vitro (cellular) research allows for 
detailed studies of toxicity, it often ignores important aspects (e.g. metabolism). The proposed 
combination of in-vitro cellular research using microelectrode array (MEA) and the air-liquid interface 
(ALI), the whole-organism in-vitro study on zebrafish, and an in-vivo rodent inhalation study with 
neurobehavioural and biomarker analysis therefore addresses several of the knowledge gaps identified 
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above. Studies that include human relevant models might be useful for guiding decision-making support 
concerning the aspects of fume events that pose the greatest risk to humans (e.g. temperature/pressure 
conditions and fuel/hydraulic/de-icing fluids used during flights and associated characteristics) and that 
should be considered for future mitigation procedures.  
 
Conclusions: Gap analysis – Health risks 
Despite all available information on CAQ in relation to chemicals, persistent data gaps prevent decisive 
conclusions concerning the possible relationship between health-related problems and exposure to 
chemicals in aircraft cabin air during reported smell events.  

An initial screening of the available literature revealed the following data gaps: 

 The broad range of reported symptoms makes it difficult to define a clear case definition. 
 Hazard information on many individual chemicals is lacking or incomplete. Information on the 

potential neurotoxicity of chemicals is often limited or non-existent. Further, long-term toxicity 
data that consider the accumulation of chemicals and chronic low-dose effects, especially with 
regard to neurological effects, are not always available.  

 No stand-alone standardised test is available for assessing neurotoxicity after long-term 
exposure to a mixture of chemicals. 

 The toxicity of chemicals and health-based limit values are based on standard conditions. 
Although calculation rules are described to adapt to deviant pressure conditions, further 
investigation is needed concerning the effect of deviant conditions in cabin air (e.g. hypoxic 
conditions) on the physiological impact of chemicals. 

 Exposure information is often limited to a small set of chemicals (mainly TCP). In addition, only 
limited information is available on potential complex mixture toxicology and how to address 
neurological effects after exposure to a complex mixture of chemicals in health-risk 
assessments. 

 Exposure information is based on standard conditions during normal flights. Measurements 
during fume events are hardly available, if at all. Prospective monitoring of cabin air (e.g. for 
measuring during fume events) is difficult and expensive.  

 Information on clinical effects or toxicity and information on exposure are obtained either 
independently or at the same time, but never in a prospective-cohort design. As a result, no 
evidence can demonstrate a causal relationship between chemical exposure and the symptoms 
reported by flight crew. 

 No suitable biomarkers exist to determine exposure or to indicate potential health effects. 
 

This descriptive overview provides baseline information on health-risk assessment within the context of 
CAQ, as identified in the literature available to the consortium partners. Over the years, various studies 
have investigated—at least partially—the relationship between CAQ and its impact on health among 
flight crew. Although numerous studies have been performed, several data gaps have been identified 
with regard to hazard information for specific chemicals, exposure measurement, health-effects 
measurement and study design. Some of these data gaps are difficult to address. For example, the 
broad range of reported symptoms makes it difficult, if not impossible to arrive at a clear definition of 
‘aerotoxic syndrome’. Exposure to different chemicals, potential mixture toxicology, infrequent fume 
events and an undefinable syndrome (health effects) combine to generate excessive complicity within 
an appropriate epidemiological design to establish causality.  

Further research should be designed carefully in order to start filling the data gaps, including with regard 
to hazard information focusing on neurological effects, mixture toxicology, exposure measurement 
during fume events, the influence of the cabin conditions in relation to limit values and the identification 
of suitable biomarkers.   
 
Flight Test 1 (FACTS-D3-T2.2) 
 
Conclusions and recommendations: Flight Test 1 
Although the provocation of events was executed according to the test plan, it did not necessarily result 
in a smell event and/or it could not directly be related to increased concentrations. Most of the analyses 
revealed no such evidence. The few events that were identified were revealed only in the ultrafine 
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particles. Furthermore, the ECS configuration on the test flight influenced the concentration levels 
between baseline and the test flight. 
 
In the flight test, three smell events were provoked and measured on board the aircraft: 

1) Baseline flight: smell event during engine start with tailwind. 
2) Test flight: smell event during engine start with tailwind. 
3) Test flight: smell event during the second sequence of pack failures in the Environmental 

Control System (ECS). 
 
The main outcomes of the flight test are: 
 The smell events during engine start with tailwind and during the second sequence of pack failures 

resulted in some increase in concentration. Increased concentrations of total volatile organic 
compounds (TVOC), propylene glycol, SO2, ultrafine particles (UFP), black carbon (BC) and particle 
matter (PM) were observed during engine start. Increased concentrations of aldehydes, alcohols, 
tetrahydrofurans (THF), toluene, ketones, UFP and BC were observed during pack failure. 

 The major contributor to TVOC was propylene glycol. Although the Guide Values I and II of the 
Umweltbundesamt (UBA = German Environment Agency, one of their committees (IRK) sets  indoor 
air guideline values for Germany) were exceeded in a few instances, the canister EPA-TO15 
method detected hardly any propylene glycol. 

 Concentrations of CO, O3 and SO2 were below guideline values specified by the World Health 
Organization (WHO) and the Federal Aviation Administration (FAA). 

 Despite the use of TCP-free Turbonycoil, tri-m/p-cresyl isomers were detected in cabin and cockpit 
air, as well as in galley filters. 

 No mono-, di- or tri-ortho isomers of TCP were observed.  
 The composition of the m/p isomers in all galley filters showed similar patterns, but were completely 

different from the patterns observed for typical brands of engine oil. 
 Given the use of Turbonycoil (TCP-free oil), it is necessary to take other sources in or around the 

aircraft into account.  
 
It should be mentioned that not all sensors were operational during the flights, but that valuable results 
were nevertheless obtained. These results are summarised below, categorised into offline and online 
measurements. Please note that the comparison to limit values is only included to put measured values 
in perspective. The relevance of limit values in relation to health risks are discussed separatly in chapter 
7. 
 
Offline measurements 

 During the entire flight, UFP was sampled twice on a grid and characterised using transmission 
electron microscopy (TEM). The UFP particles observed during the baseline flight were smaller 
(20–400 nm) than those sampled during the test flight (30–1000 nm). Energy dispersive X-ray 
spectroscopy (EDX) analysis indicated the presence of soot particles. For metallic UFP in the 
baseline flight, the following elements were predominantly present (in descending order): 
aluminium, sulphur, titanium, iron, nickel and calcium. For the test flight, the following were 
predominantly present: sulphur, calcium, aluminium, iron, titanium and potassium. Some UFP 
consisted of a metallic core with localised regions consisting of a mix of several metallic 
elements. This composition corresponds to a soft magnetic material, which might have been 
used in glues or in the coating of the engine. 

 The results of the OPC measurements indicated high concentrations of tri-n-butyl phosphate 
(TBP) in the range of 1.9–12 µg/m3. The highest concentrations of TBP were measured during 
descent and landing, for both the baseline flight and the test flight. In all OPC measurements, 
TBP covered at least 51% and at most 90% of the total measured sum concentration of OPCs. 
It is used primarily as an additive in hydraulic fluids. Triphenyl phosphate (TPhP), which is used 
as an additive in Turbonycoil, was measured in a concentration range of 0.003–0.019 µg/m3 in 
cockpit and cabin air for all flight phases during the baseline flight and the test flight. In addition, 
butyl diphenyl phosphate (BDPP) and dibutyl phenyl phosphate (DBPP)—OPCs that are 
typically used in hydraulic oil—were measured in all flight phases. DBPP concentrations 
measured were in the range between 0.102-0.240 µg/m3 and BDPP concentrations were found 
in the range between 0.002-0.005 µg/m3. No huge differences in concentrations of BDPP and 
DBPP were observed during baseline and test flight. T(m,m,m)CP was measured in all flight 
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phases in a concentration range of 0.002 – 0.011 µg/m3. Forn the test flight during take-off and 
climb low concentrations of T(m,m,p)CP and T(m,p,p)CP were measured in the range between 
0.018 – 0.033 µg/m3. Taken into account that Turbonycoil does not contains TCPs, it can be 
concluded that low concentrations of m and p isomers from TCP originate from other sources 
than the oil itself.  

 TCP content was analysed in new and used Turbonycoil, which was tapped from the aircraft 
between the baseline and the test flight. No TCP isomers were detected in the new and 
tapped used oil. 

 The semi-volatile PAH concentration measured (representative of the average value measured 
over the entire baseline and test flight) was low for both cabin and cockpit. Concentrations 
measured were in the range between 0.332-0.985 µg/m3. The contribution of naphthalene to 
the total sum concentration of semi-volatile PAH’s is in all cases more than 88%. For those 
semi-volatile compounds for which indoor air or workplace limits are established, it is observed 
that all concentrations measured were below these limit values. No detectable concentrations 
of the particle bound PAH measured (representative of the average value measured over the 
entire baseline and test flight) were found for both cabin and cockpit. No detectable 
concentrations of WHO PCB’s and dioxins were measured (representative of the average value 
measured over the entire baseline and test flight) for both cabin and cockpit  

 Formaldehyde, acetaldehyde, acetone, n-butyraldehyde and m-tolualdehyde occurred 
predominantly as major carbonyl compounds in all flight phases. The highest concentration of 
these compounds was measured during taxi-out. 

 All VOC concentrations measured during events were low relative to indoor air values and 
workplace limits. 

 The concentrations of VOCs measured with the canister during the various events did not follow 
any clear pattern. The aromatics and alcohol concentrations during taxi-out (Event 1) were 
higher than they were in the other events. Concentrations of aldehydes/ketones were relatively 
high during one of the other events. 

 The major contributors to the TVOC values on both the baseline flight and the test flight were 
the concentrations of propylene glycol, alcohols, organic acids and ketones. During the 
additional smell event at the end of the test flight, a distinct increase in alcohols was observed. 
Other compounds with increased concentrations were THF, toluene and ketones. This 
undefined smell perceived by people present on board may have been caused by several pack 
failures that occurred during the test flight. 

 
Online Measurements 

 Concentrations of CO increased from 0.7 ppm up to 3.3 ppm during engine start in the baseline 
flight and the test flight. The short-term and long-term WHO guidelines and Indicative 
Occupational Exposure Limit Values (IOELV) for CO were not exceeded during the flights. No 
increase in CO concentration was measured during the provoked events. 

 The measured O3 concentration followed flight altitude with some delay in time. The highest 
ozone concentration (112 ppb) was measured at the highest flight altitude. This value did not 
exceed the FAA peak concentration of 250 ppb in the cabin. The most rigid value of 40 ppb for 
indoor air for an eight-hour time weighted average (TWA) concentration was also not exceeded. 
No ozone peak concentrations were measured during the provoked events. 

 A peak SO2 concentration up to 4.7 ppb was measured during engine start in the test flight. No 
workplace limit values or WHO guideline values were exceeded. No increased SO2 
concentrations were measured during the events. 

 Compared to average UFP number concentrations in indoor offices (~5000 pt/cm3), increased 
UFP number concentrations were measured in the cockpit and the cabin under tailwind 
conditions (maximum concentration in the cockpit was higher by a factor of 2600) , engine start 
(maximum cockpit concentration was higher by a factor of 620), take-off (maximum 
concentration in the cabinwas higher by a factor of 32) and pack failure 2 (maximum 
concentration in the cockpit was higher by a factor of 52). Increased UFP concentrations were 
also measured in the cockpit during top of descent (ToD) 1 (maximum concentration in the 
cockpit was higher by a factor of 2), but not in the cabin. In general, the UFP number 
concentrations were higher when the aircraft was on the ground than when it was in flight mode. 
During the baseline and test flights, higher UFP concentrations were generally observed in the 
cockpit than in the cabin, except for during take-off for the baseline flight. One explanation could 
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have to do with differences in the ventilation settings of the cockpit and the cabin. On B757 
aircraft, the cockpit always has a full fresh-air supply under normal operating conditions. For 
the cabin, the ventilation settings of the baseline flight differed from those of the test flight. 
Recirculation was on (50% fresh air, 50% recirculation) during the baseline flight and off (100% 
fresh air) during the test flight. Although the same UFP differences between the cockpit and the 
cabin were expected to occur during the test flight, the cockpit and the cabin had differing 
filtering/air inlets, resulting in differences in concentration levels. 

 The UFP size distribution was measured in the cabin. At the highest UFP concentrations during 
tailwind conditions, engine start and take-off, the mode of these particles was smaller than 17 
nm. Increased UFP concentrations were also measured during pack failure 2, with the bimodal 
size distribution having a first peak smaller than 17 nm and a second peak around 170–190 
nm. This bimodality suggests the presence of two different emission sources. It was unclear 
whether these second-mode particles were combustion particles, oil particles or nucleating 
volatile organic compounds. A simulation of pack failure could be helpful for investigating this 
situation in greater detail and identifying the origin of the increased UFP levels. Future 
measurement campaigns should include Scanning Mobility Particle Sizer (SMPS) 
measurements in the cockpit, as the highest UFP concentrations were measured at this position 
in the aircraft. 

 During engine start, increased PM concentrations (0.3–20 µm) were found in the cabin. These 
concentrations were higher when the aircraft was on the ground than they were in flight mode. 
The increased PM concentrations on the ground most likely originated from intruding outdoor 
contamination from the airport, engine start and take-off. No increased PM concentrations were 
measured during events. Limit values for PM for outdoor, workplace and indoor environments 
were not exceeded. 

 The highest BC concentrations were measured during tailwind conditions, engine start and 
take-off. Increased BC concentrations were found in the cockpit during ToD 1. Slightly 
increased BC concentrations were found in the cockpit and the cabin for the two pack failures. 
Higher BC concentrations were measured in the cockpit than in the cabin. 

 No conclusions can be drawn concerning any possible impact from the events on TVOC, as 
the TVOC levels followed the pattern of the flight altitude. The pack failures at the end of the 
test flight might have caused the greatest impact on TVOC concentration. 

 
Recommendations: Flight Test 1 
Based on the data obtained from the flight test 1, several recommendations have been made for use of 
this data in further research parts of the  FACTS project. 

 The composition of the air measured during this flight test at different engine settings and under 
different environmental conditions should be compared and confirmed by the results from the 
planned BACS (bleed air contamination simulator) experiment and the engine test. 

 The CO2 measurements taken during the flight test do not allow any conclusions concerning 
whether the elevated CO2 levels relative to the number of people on board were indeed caused 
by the occupants or by a source originating from the air supply passing through the engine. In 
the BACS experiment, it would be advisable to verify whether the engine itself is a source of 
CO2. 

 PAHs, PCBs and dioxins were included within the context of the broad air-quality screening in 
order to determine whether these groups of substances form an important part of the total air 
quality on board of aircraft. Given that hardly any of these components were found, it is 
advisable not to include these groups in the in-flight CAQ measurements. 

 
The execution of the flight test also generated several recommendations regarding instrumentation. 

 Alternative sampling methods should be considered that are not negatively influenced by the 
electrostatic charging of Transmission Electron Microscopy (TEM) grid. 

 Mobile and easy-to-use UFP instruments should be placed in some aircraft (preferably in the 
cockpit) for long-term monitoring, in order to generate more insight into crew exposure to UFP. 
During the flight, the UFP parameter appeared to have the highest increases in concentration 
levels of all parameters measured in this campaign. 

 Besides UFP, long term monitoring of BC with mobile and easy to use instruments, would be 
an additional value as BC mass concentration was also found to increase during engine start, 
tailwind, and pack failures.  
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 Equipment for measuring organic acids should be installed. 
 
Flight Test 2 (FACTS-D7-T2.3) 
 
Conclusions and recommendations: Flight Test 2 
This summary provides the results of cabin air quality measurements performed on board of a long-
range twin-aisle test aircraft on the ground as part of the FACTS project. The ground test was planned 
short term and performed as a substitute test only after the original planned flight test 2 was aborted 
due to a critical systems error. The objective of this modified engine run test was to record cabin and 
cockpit air compounds and contamination, in addition to identifying their origin during an artificial created 
oil odour occurrence, using special air-analysis devices and methods within the framework of this 
research project. The contamination was to be achieved by an artificially method that was created for 
this exact purpose and is not utilized during normal aircraft operations from airlines.  
The ground test sampling was performed during so called baseline and during the oil contamination 
event. The baseline condition is defined as the normal pollution during aircraft movement on ground 
under normal operating conditions. The oil contamination event is to be understood as the situation on 
ground with the artificially generated pollution of the bleed air system by manipulation of one engine. 
The background environmental contamination is considered constant during both measurements.  
The test profile resembles closely the layout of a normal engine run. The difference lies in the application 
of two abnormally long dry cranking procedures of 120 sec and 240 sec to create the two artificial oil 
odour events.  
 
The recirculation fans were off during the whole ground test period, therefore the supplied air consisted 
completely from incoming conditioned bleed air. This ensured that all measurement devices could 
capture the same artificial oil contamination independent of their position.  
Every participating specialist,  operating aircraft crew and an EASA representative on board, in total 16 
people, confirmed a strong smell during the second event at ~13:30 UTC. Both Aerotracers and 
online/offline sampling indicated the increased presence of engine oil (Aerotracer) and valeric acid 
during both events compared to the baseline sampling before. Valeric acid is considered to be a good 
marker of engine oil contamination.  
 
Instrumentation as applied in this test flight consisted of online and offline measurement equipment. 
The contaminants that have been measured were selected based on previous tests, instrumentation 
available and suitability for on board testing (like available space and power).  
In this study, physicochemical and chemical measurements were executed during a modified engine 
run on ground. The measurements included volatile, semi-volatile and particle-bound contaminants 
present in cockpit and cabin air under baseline conditions and during an artificially provoked engine 
oil contamination event. Given the small number of samples, caution is advised when interpreting the 
results. The following conclusions can nevertheless be drawn based on the results of this study. 
 
Online measurements 

 All of the Ion-Mobility Spectrometry (IMS) devices recorded significant indications of one 
specific oil marker substance, which is a reliable decomposition component from the thermal 
processing of oil vapours. The Rolls Royce Smell Scale (RR SS) implemented in the Aerotracer 
indicated a high point with a value of 4.5 RR SS in the cockpit. In contrast, during the baseline 
conditions, the devices recorded only background noise without any oil-marker identification. 
These results are consistent with the Airbus test experience.  

 The concentration of ultrafine particles (UFP) measured in the cabin increased during the 
contamination event. The concentration peaked at 2.8*106/cm³ (EEPS) and 1.5*106/cm³ 
(Partector2). The highest particle peaks recorded were reached about the same time as the 
cockpit Aerotracer oil marker readings. On the other hand the baseline indicates a steady 
concentration of around ~2*105/cm³ particles on both UFP devices, with no peaks. 

 The UFP EEPS device recorded the particle diameter size distribution as well. Generally the 
particle diameter size distribution seems to be composed mainly of particles with lower diameter 
sizes under 20 nm. In a comparison of the particle size distribution between the baseline and 
the two events it is visible that the maximum of recorded particles stays at a similar particle 
diameter size (~9.31 nm for the baseline size distribution, ~12.4 nm for the first event and ~10.8 
nm for the second event). The number of particles increases for each diameter size interval. 
The number of recorded particles increases during the events, especially for the smaller 
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diameter size intervals up to ~20nm. For the events increasing particle sizes ranging from 40 
nm through 100 nm were also detected, which had not been detected during the baseline 
measurements 

 Furthermore the EEPS particle size distribution in a logarithmic scale slightly resembles a bell 
curve, which could indicate that smaller particles not recorded due to the lower measurement 
limit of the EEPS (5.6 nm) may complete the bell curve.  

 The online measurement using the PTR-MS (Proton Transfer Reaction Mass Spectrometry) 
directly at the fresh-air supply ducting to the cockpit indicates that the mass-to-charge ratio 
curves recorded exhibited a high peak correlating to the contamination event. Corresponding 
substances identified from the offline sampling were used for substance identification. 

 The mass number of valeric acid on the PTR-MS demonstrates a clear response during the 
second event, with a high point of 23 μg/m³. This value is consistent compared to the oil marker 
peak height reading of ~100 from the cockpit Aerotracer. The same behaviour was observed in 
previous Airbus laboratory tests, where the device read-out was compared with semi-
quantitative calibration campaigns (not part of this study). 

 Acetic acid, although constantly present from the beginning, increases slightly after the second 
event to ~23 μg/m³. In contrast, the results reveal that the event led to a clear increase from 
formaldehyde to 11.8 μg/m³ for the first and 16.8 μg/m³ for the second event. Further the mass-
charge-ratio for C3H6O peaks at 34.6 μg/m³ and 44.5 μg/m³ during the events respectively. This 
mass may represent especially the substances acetone and propanal, which both should have 
been determined in the grab samples. 

 None of the masses corresponding to organophosphates examined with the PTR-MS indicated 
concentrations above 0.5 μg/m³, which can be considered as system noise. In contrast, tri-butyl 
phosphate reached concentration up to 35 μg/m³ according to the offline sampling. Although, 
PTR MS is not the best method for determination of organophosphates, previous experience 
indicated that Tri-butyl phosphate (TBP) is reasonably detectable. Consequently the more likely 
explanation for this particular difference is that the PTR-MS measured only the fresh air supply, 
while TBP is known to be a substance used in hydraulic fluids. This would also explain the 
greater occurrence in the cabin and cockpit, due to emissions from local sources (hydraulic 
leakages, contaminated gear pins, contaminated clothing of mechanics).  

 
Offline measurements 

 Valeric acid (pentanoic acid) was not detected during the baseline test, and it clearly increased 
to 30-40 μg/m³ during the event. Concentrations measured in the cabin were ~60% lower than 
measurements in the cockpit. These measurements correlate well with the IMS-recordings, in 
which the oil marker detection increased slower in the cabin compared to the cockpit.  

 During the baseline tests, only acetic acid was detected in the cabin and the cockpit. All other 
alkanoic acid were below the detection limit of 2.0 µg/m3.  

 Alkanoic acids in the range between acetic acid and heptanoic acid increased during the 
contamination event.  

 Concentrations of formaldehyde, acetaldehyde, acetone, propanal, and butanal distinctly 
increased during ground test event. Acrolein concentrations measured during baseline and 
ground test event remain at a level of respectively 4 and 3 µg/m3. Benzene concentrations 
measured during baseline and ground test events remain unchanged and amounts between 
2.1 – 3.6 µg/m3. Benzene is typically emitted by automotive emission caused by car movements 
on the airport itself.  

 During baseline, all C9-18 alkanes were below the detection limit of 1.0 µg/m3. The concentration 
of C9-18 alkane increased slightly during ground test event (1.1 - 3.9 µg/m3).  

 No mono-, di- or tri-ortho isomers from Tri-cresyl phosphate (TCP) were detected during the 
baseline or ground events.  

 During baseline test, no tri(m, m, p)-cresyl phosphate, tri(m, p, p)-cresyl phosphate or tri(p, p, 
p)-cresyl phosphate were detected. 

 During the events, tri(m, m, p)-cresyl phosphate, tri(m, p, p)-cresyl phosphate and tri(p, p, p)-
cresyl phosphate increased in concentration ranging from 0.010 to 0.029 µg/m3.  

 In both the baseline test and the test events, TBP was observed consistently in the cabin and 
the cockpit. TBP concentrations measured in the cabin during baseline were comparable, 
ranging from 5.65 to 7.36 µg/m3. TBP concentration measured in the cockpit during the ground-
test events increased from 3.6 µg/m3 to 12.4 µg/m3. 
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 TBP concentrations measured in the cabin and the cockpit during the baseline test and ground-
test events were above the Arbeitsgemeinschaft Ökologischer Forschungsinstitute (AGÖF)  
P90 value of <1μg/m³. The concentrations observed were also higher than those typically found 
in measurement campaigns on in-service aircraft. One possible explanation is that this 
measurement was conducted on a test aircraft, which presumably undergoes more mechanical 
modifications (including modifications of hydraulic systems) and harsher flight conditions than 
is the case for in-service aircraft. In addition, the cabin areas are less hermetically separated 
from the aircraft’s external environment on ground. An increased level of hydraulic fluid 
contamination in the cabin and the associated outgassing seems plausible. 

 Tris(1-chloro-2-propyl) Phosphate (TCPP-1) and Bis(1-chloro-2-propyl) (2-chloropropyl) 
Phosphate (TCPP-2) were consistently found in the cabin and the cockpit in both the baseline 
test and the ground-test events. TCPP-1 concentrations measured in the cabin during the 
baseline test ranged from 0.195 to 0.487 µg/m3. TCPP-2 concentrations measured in cabin 
during the baseline test ranged from 0.091 to 0.217 µg/m3. 

 TCPP-1 concentration measured in the cockpit during the ground-test event increased from 
0.226 µg/m3 to 5.95 µg/m3. The TCPP-2 concentration measured in the cockpit during the 
ground-test event increased from 0.072 µg/m3 to 1.47 µg/m3. In general TCPP is used as a 
flame retardant and applied as additive in different products, like electrical and electronic 
products. The cockpit is an area where a lot of electronic equipment is placed in a relative small 
space. Hypothesis is, that during the ground test temperatures in de electronic board will rise 
in temperature more than under normal conditions, resulting in an increase of TCPP's. 

 
Overall, the release of organic acids—primarily valeric acid—from the synthetic fatty ester (jet engine 
oil) was apparently the main contributors to the odour event experienced. In general, the occurrence of 
C5 to C8 saturated carboxylic acids in correlation to the odour occurrence were evident and plausible. 
Increased concentrations of aldehydes—particular formaldehyde and acetaldehyde—were also 
observed, and this may have contributed to the odour perception. However, compared to valeric acid 
and heptanoic acid, both of which exhibited unusual concentrations (exceeding AGÖF P90) relative to 
other indoor environments during the odour event in the cockpit. The aforementioned aldehyde 
concentrations were elevated, but not exceptionally high (i.e. below AGÖF P90). As an indicator for an 
artificial oil contamination event the recorded increase of the C2, C5, C7 acids and the C1, C2, C3 
aldehydes seem to be the most suitable markers.  
The steep increase of ultrafine particles at the beginning of the odour event might have been a good 
indicator for fresh contamination with engine oil. It is nevertheless important to consider that the 
occurrence of ultrafine particles is not exclusive, and it is likely to be mixed up with other sources e.g. 
engine exhaust or condensation. 
 
Environmental Control System (ECS) Pack surface samples (FACTS-D7-T2.5) 
 
Conclusions: ECS wipe sampling 
 

 Wipe samples were dominated by concentrations of organic carbon and organic acids. 
 The contribution of TCP (m/p isomers) to the total  measured organophosphates in the 

examined ECS parts, amounts to a minimum of 2 and a maximum of 44% for respectively 
PRSOV and ACM turbine intlet. 

 Less than 1% of the total chemical substances measured is related to organophosphates. For 
PAH and PCB this is less than 0.02%. 

 The OPCs with the highest concentrations found in ECS samples were tri-n-buthyl phosphate, 
tris(1-chloro-2propyl) phosphate and dibutyl phenylphosphate. 

 No mono-, di- or tri-ortho-cresyl phosphates were detected above the detection limit of 
0.00001 µg/cm2. 

 In all parts of the ECS, m/p isomers of tricresyl phosphate were identified. 
 The average organic carbon (OC) content ranged from 91% to 99% of the total carbon content. 

The elemental content (EC) content of total carbon was low. 
 The results clearly indicate that PAHs were found primarily in concentrations below or slightly 

above the detection limit range of 0.00005–0.0001 µg/cm2. The absence of PAH in deposits is 
consistent with the results from Test Flight 1 for the cockpit and cabin-air samples, as well as 
for the wipes taken from Bleed Air Duct HP2. 



 
 

Doc.nr: 
Version: 
Classification: 
Page: 

FACTS-D7 Overall Summary 
FINAL 
Public 
16 of 151  

 

Copyright © 
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of air-quality levels inside the cabin of large transport 
aircraft and their health implications 

 

 No detectable concentrations of the 7-indicator PCBs were found in any part of the ECS. The 
detection limit ranged from 0.000002 µg/cm2 to 0.000013 µg/cm2. The absence of PCBs in 
deposits was consistent with the results from Test Flight 1 for the cockpit and cabin-air samples, 
as well as for the wipes taken from Bleed Air Duct HP2. 

 The results of visual inspections did not correlate to the total amounts of contaminants 
analysed. Visual light contaminated surfaces contained less OPCs compared to visual heavily 
contaminated surfaces. 

 
Recommendations for ECS Wipe Sampling 

 Sample ECS components directly at the aircraft before they are shipped to MRO, and sample 
from all possible parts of ECS, in order to provide a complete picture of a given aircraft. 
Consider that the individual components of ECS may have different histories on particular 
aircraft, as they may have flown on other aircraft before. 

 Expand the dataset and scope, in order to understand how the deposited chemicals would 
impact bleed air concentrations, and thus exposure doses to passengers and crew.  

 Expand the study to sample ECS ducts, APU ducts and mixers. 
 Given the current lack of scientific evidence that exists concerning the  homogeneity of the 

coating with deposits of internal surfaces of ECS parts, no rough calculations can be made for 
a total concentration of chemicals in deposits for the total area of a particular ECS part. 

 
Preliminary experiments (FACTS D7-T3A.1) 
 
Conclusions: Method development for cold trapping 
The process of developing the method for the cold-trapping procedure (impinger in liquid N2) resulted 
in the highly repeatable trapping of the various components in the oil-fume mixture. Although the 
impinger broke some particles, it was possible to capture them with an additional impinger filled with 
glass beads/fish water, and placed in series after the first impinger. The most effective manner of mixing 
the trapped oily substances into fish water was to mix the condensate into the fish water three days 
before its use in the neuromotor assay. The methodology of CaE and NTE enzyme-inhibition testing 
was successfully applied to frozen homogenates of the zebrafish. In summary, the approach of fume 
trapping, followed by water-accommodated fraction (WAF) extraction, neuromotor viewing of zebrafish 
and, finally, enzyme-inhibition assessment, is ready for use in testing the neurotoxic hazard of oil-fume 
mixtures. 
 
Assessment of six fumes generated with the mini-BACS (FACTS-D7-T3A.2) 
 
Conclusions: Prediction of actual hazards from generated fumes 
• Despite the stable conditions that resulted in a steady output of test atmospheres, the cold-

trapping procedure did not collect sufficient volumes of pyrolysates to perform the required test 
in zebrafish at VITO. The required volume for the zebrafish test was 1 ml, while the maximum 
volume collected was ±30 µl. 

• Collecting the test atmosphere on four parallel Teflon filters allowed the sampling of sufficient 
volumes for the MEA test at IRAS-UU and for additional in-vitro toxicity testing on lung cells, for 
the purposes of examing the planned air-liquid interface exposure.  

• Both acute (0.5 h) and sub-chronic (24-48 h) exposure to oil fumes induced inhibition of 
neuronal activity in primary rat cortical cultures., hydraulic oil fumes have a higher neurotoxic 
potential (IC75s: 1-2.5 µg/mL) compared to engine oil fumes (IC75s: 22-49 µg/mL), evaluated 
using IC75s (calculated concentrations that inhibit activity to 75%). Increasing the duration of 
exposure from 0.5 to 48h reduced the neurotoxic potential of hydraulic oil fumes 4- to 10-fold 
(IC75s: 11-12 µg/mL). For engine oil fumes, increasing exposure duration to 48h  has limited 
effect on the neurotoxic potential of engine 4 (IC75: 32 µg/mL), decreased the neurotoxic 
potential ~2-fold for engine 1 (IC75: 90 µg/mL) and engine 2 (IC75: 45 µg/mL), but increased 
the neurotoxic potential ~3-fold for engine 3 (IC75: 11 µg/mL). Cell viability analysis indicates 
a limited cytotoxic potential, highlighting that the oil fumes exert a functional neurotoxic effect. 

• Expressed in terms of condensate per milligram, the toxicity of the hydraulic fluid samples 
exceeded that of the engine-oil samples at given doses ranging from 4 µg/mL to 500 µg/mL. 
For the same type of oil samples, toxicity may differ according to oil brand, especially for the 
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engine oil examined in the present study. The chemical compositions in oil samples might be a 
major critical factor affecting their toxicity. 

• The chemical profiles of Engine Oils fumes 1–4 were mutually comparable. Hydraulic Oils 1 
and 2 clearly differed from the engine oils. Major differences of condensates of hydraulic fluids 
compared to engine oil, include very low organic acids and very low aldehyde content in the 
hydraulic fluids, as compared to the engine oil. 

• Concentrations of formaldehyde and acetaldehyde in the fumes of Engine Oils 1–4, ranged 
from a minimum of 81% to a maximum of 86% of the total concentration of aldehyde-ketones 
measured in the engine-oil fumes. 

• These results are subject to some study limitations. First and foremost, the miniBACS is a 
downsized and simplified representation of the situation of an aircraft system. Fumes generated 
and condensing in the system may be different in different realistic and other test settings. 
Second, the use of in vitro testing systems do not allow for a risk assessment or translation of 
exposure levels to potential health effects. This is due to differences in toxicokinetics (sampling; 
transfer from filters to medium) and the use of an in vitro bioassay that does not reflect the 
conditions in real life. 

 
Bioassay assessment and limited mice inhalation study (FACTS-D7-T3A.3) 
 
Conclusions: Neurotoxicological effect (in-vivo study with mice) 
An in-vivo study was designed and prepared in order to test whether exposure to oil fumes exerts a 
neurotoxicological effect. The study involved the inhalation exposure of mice to oil fumes, followed by 
dedicated behavioural neurotoxicity testing and biomarker analysis. To this end, an in-vivo study was 
planned, in which animals would be exposed to the complex mixture and tested for neurotoxicity 
according to several behavioural and histopathological parameters. The in-vivo study was also planned 
to contribute to the search for biomarkers of exposure and effect. A neurobehavioural test battery was 
to be used to assess the effect of exposure to fumes on neurological functioning.  
 
The preparations for the in-vivo study included obtaining approval from the animal ethical committee. 
This required the submission of an application containing a detailed description of the rationale behind 
the study, the experimental design and the expected outcome. The FACTS project ended before this 
approval process was finalised. The planned experiments have yet to be performed. 
 
Toxicological risk-assessment methodology (FACTS-D7-T3B) 
 
Conclusions: Toxicological risk-assessment for cabin air pollution 
The environment  for air crew and passengers  during flight differs from air conditions on the ground. 
Such differences do not influence the intrinsic toxic properties of chemicals. Although exposure 
conditions vary, they are similar to industrial settings on the ground with regard to co-exposure to other 
chemicals, agents (e.g. radiation), physiological stressors (e.g. noise, vibrations) or work-time 
regulations (e.g. duration and shift work). The same applies to the exposure conditions experienced by 
the general public. 
 
In terms of exposure duration, the number of exposure hours experienced by air crew over the course 
of a year are lower than compared to industrial settings. On a daily basis, however, the duration of 
exposure within a 24-hour period can sometimes exceed the TWA reference value of eight hours, 
although this is not common. The likelihood that longer daily exposures will increase the risks 
associated with a given chemical depends on the toxicokinetic and toxicodynamic properties of that 
chemical. For passengers, the reference value for the general population is highly conservative with 
respect to duration of exposure. 
 
In literature, no evidence was found that the hypobaric conditions experienced in the aircraft cabin 
influence internal exposure to chemicals at the same external concentrations that are experienced in 
the air at ground level.  
  
Based on this finding, there is no need to adjust existing reference values for application to the cabin 
environment. Only if exposure to a given chemical in cabin air approaches the reference value should 
additional attention be paid to the influence of longer exposure over 24-hours during the brief periods 
that are likely to occur several times a month.   
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In general, the reference values for the general public are lower than occupational reference values. In 
principle, occupational reference values can be modified to suit the general public if the point of 
departure (PoD) is known. 
 
Mitigation measures (FACTS-D6-T4) 
 
Conclusions: Risk-mitigation strategy 
This report  includes an evaluation of the various possible measures. Although the comparison of 
measures is difficult due to sometimes fundamental differences between them, some are clearly quite 
promising and could potentially be introduced without much effort. Results of the gap analysis indicate 
that aside from the clear certification specifications for carbon dioxide, carbon monoxide and ozone, the 
aircraft standards for CAQ are relatively qualitative in nature. Although this does not hinder the 
implementation of effective mitigation measures, it does not support effective and structural integration 
either. 
 
If the aircraft industry as a whole wishes to move forward with the further improvement of CAQ 
measures and the further mitigation of concerns associated with engine-oil contamination, several 
measures are possible. It is nevertheless up to each individual player in the field either to enforce them 
through certification requirements or to use aircraft standards on an individual basis. 
 
Within the FACTS project, this report identifies several mitigating measures that are either owned by or 
closely related to the various consortium members. As such, the FACTS project provides a quick and 
effective opportunity for assessing the effectiveness of these measures. It is recommended to test the 
available technologies (predominantly sensors) in the various experiments. 
 
Given the variety of aircraft standards and their adoption by the various aviation authorities, it seems 
necessary to harmonise the certification process for bleed air quality across authorities (primarily FAA 
and the EASA) and to enforce the respective requirements consistently in the engine-certification 
process. 
 
The umbrella certification requirement regarding equipment and systems installed in aircraft (EASA CS 
25.1309) charges the installer with certifying the proper functioning of any new technology under the 
operating and environmental conditions of the aircraft. At the same time, however, it is important to 
determine the complete set of contaminants—including the maximum levels that could play a role in 
issues of CAQ. The EASA could take a leading role in defining these contaminants and the maximum 
levels that a sensor should be able to detect or a filter/converter should be able to reduce, if deemed 
necessary. By advancing such a framework, the EASA could take a pro-active role in this field. 
 
The current standard calls for air quality and fresh air supply calculations and a single test upon the 
initial certification of the aircraft, thereby demonstrating compliance with the regulations, in order to clear 
the entire aircraft type for certification and subsequent operation. There are no explicit requirements for 
the periodic or continuous measurement of certain compounds (e.g. CO, CO2 or O3). The EASA should 
review this procedure and assess whether the current certification process provides sufficient 
confidence in, and guarantees for, the quality of the air in aircraft throughout its operational lifetime, 
based on the initial type certification, and given the known variables affecting aircraft operation. The 
FAA and the EASA could expand upon the Continued Operational Safety (COS) requirements to require 
verification of CAQ at specific times. Examples could include following the change of an engine or 
auxiliary power unit (APU), major Environmental Control System (ECS) component (e.g. air cycle 
machine or ‘ACM’) or acoustic mufflers, or upon C-Check, if the air-conditioning system or engine have 
been part of the maintenance. This procedure could be combined with a typical inspection flight 
following heavy maintenance. Specific verification checks should be clearly described. 
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Reading guide  
This document is the consolidated final report of the FACTS project, as performed according to the 
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of the quality level of the air inside 
the cabin of large transport aircraft and its health implications. The document provides an overall 
summary of the work performed and the results achieved by the consortium. The FACTS project was 
conducted in the period between 2017 and 2019.  
 
Section 1 consists of a general outline of the FACTS project, including the original plan and its 
implementation. Sections 2–8 provide brief descriptions of the various tasks, including extended 
summaries, depending on the availability of more detailed reports for specific tasks (see below). The 
overall conclusions and recommendations of the project are presented in Section 9. 
 
This final report is the overall summary report. Many of the data and details have been reported in 
individual task and sub-task reports, some of which were published as intermediate reports. These 
underlying reports should be considered as part of the final report (D7). Five sub-task reports consist 
of detailed test plans describing the test set-up and plan for experiments. All other reports describe the 
results of the experiments performed.  
 
Summaries of all underlying reports have been included in this document, with short summaries of full 
reports that are publicly available as separate documents and extended summaries of reports that are 
not publicly available. The reports that have been written are listed in Table 1.  
 
Table 1.1  Overview of reports 

Doc. No. Title Public/ 
Confidential * 

FACTS-D7.0 
 

Final Report: Project Summary (this report) Public 

FACTS-D7.T1 Final Report: Task 1: Review of State of the Art and Establishment 
of the Baseline for the work 

Public 

FACTS-D3-T2.1 Final Report: Task 2.1: Detailed test plan BACS experiments Public 
FACTS-D3-T2.2 Final Report: Task-2.2: Flight test 1 Test Plan Confidential 
FACTS-D7-T2.2 Final Report: Task-2.2: Flight test 1 Test Report Confidential 
FACTS-D3-T2.3 Final Report: Task-2.3: Flight test 2 Test Plan Confidential 
FACTS-D7-T2.3 Final Report: Task-2.3: Flight test 2 Test Report Confidential 
FACTS-D3-T2.5 Final Report: Task-2.5: ECS Pack surface samples Test Plan Confidential 
FACTS-D7-T2.5 Final Report: Task-2.5: ECS Pack surface samples Test Report Confidential 
FACTS-D3-T3A Final Report: Task-3A: Test plan Public 
FACTS-D7-T3A1 Final Report: Task-3A1: Preliminary Experiments Report Public 
FACTS-D7-T3A2 Final Report: Task-3A2: Assessment of six fumes generated with 

mini-BACS  
Public 

FACTS-D7-T3A3 Final Report: Task-3A3: Bioassay assessment and limited mice 
inhalation study using RIVM mini-BACS Test Report 

Public 

FACTS-D7-T3B Final Report: Task-3B: Toxicological Risk Assessment 
Methodology Report 

Public 

FACTS-D6.T4 Final Report: Task-4: Mitigation Measures Report Confidential 
 
*Public reports can be made public after approval by DG MOVE. Confidential reports will not become 
publicly available (extended summaries of these reports are presented in this document). 
 
Few references are provided in this report. All references are included in the specific task reports. A 
list of the most commonly used abbreviations in this report is presented in chapter 10.  
 
Figures and tables are numbered per section, starting with the section number.  
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1 Introduction to FACTS  

1.1 Background and project overview 

International governments, pilots, cabin crew, passengers and other stakeholders in commercial 
aviation have expressed concerns about possible health risks associated with reports of the presence 
of fumes in the air supplied to aircraft cabins. One particular area of concern has to do with the 
contamination of cabin air after pyrolysis and further processing of fluids and other contaminants (de-
icing, O3) in the air-conditioning systems of jet engines, in addition to the additives and other chemical 
components that are already present in the oil used in the engines. 
 
In light of persistent uncertainties surrounding these concerns, DG Move designed a research project 
aimed at the identification of facts concerning aircraft cabin air quality (CAQ), and particularly the 
potential toxicity of contaminated bleed air and other contaminants. The FACTS project builds on 
existing expertise developed in previous European and international projects, adding novel insights into 
the causes and possible toxicological effects of contaminants. The insights generated by the project 
are intended to contribute to the development of mitigation strategies and recommendations for further 
research. 
 
As described by DG-MOVE in the Tender document MOVE/C2/2016-363, the project was to consist of 
the following tasks: 

Task 1. Review of the state of the art and establishment of the baseline for the work. 
Task 2. Exposure monitoring: Identify of the causes of bleed air contamination and assessment of 
the impact on the quality of cockpit/cabin air. 
Task 3. Toxicological risk assessment. 
Task 4. Engineering controls: Risk-mitigation strategy. 
Task 5. Conclusions and recommendations. 

 
As described in this report and the task reports, the research was conducted between 2017 and 2019 
by a consortium consisting of TNO (coordinator), Fraunhofer, VITO, AIRBUS, Honeywell and RIVM, in 
collaboration with subcontractors and aircraft companies. 
 
The four main tasks in the original project plan and the relationships between tasks are presented in 
Figure 1.1. 
 

 
 

Figure 1.1 Project flowchart 
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A number of tasks in the FACTS project could not be carried out in their entirety. These tasks include 
the BACS measurements, the in-vitro screening of zebrafish and the in-vivo mice inhalation study 
including biomarker analyses. The consortium strongly recommends that these unfinished FACTS 
tasks be performed in future research. 

1.2 FACTS approach to investigate CAQ during fume events, and possible health 
implications 

 
Review of the state of the art and establishment of the baseline for the work (Task 1) 
 
A literature review of current knowledge on CAQ and the possible contamination of bleed air was 
performed at the beginning of the project. This document was updated at the end of the project in light 
of the research results obtained up to that point (Task 1).  
 

Exposure Monitoring: Identification of the causes of bleed air contamination and assessment of 
the impact on the quality of cockpit/cabin air (Task 2) 

 
Tests at Bleed Air Contamination Simulator (BACS) (Task 2.1)  

Exhaustive monitoring and measurement campaigns on dozens of commercial flights in past projects 
have proven that the likelihood of encountering a fume event on a limited number of commercial flights 
is very low, thus rendering the desirability of starting another measurement campaign on commercial 
flights questionable from the outset. As concluded in the recent EASA CAQ I study: 

‘A continuation of the previous measurement series is also not considered to be constructive, since 
encountering a real TCAC-event (technical cabin air contamination event), which needs to be 
investigated in order to answer some of the questions, remains very unlikely. It is not recommended to 
rely on luck alone due to the low number of engine oil triggered incidents. For the investigation of TCAC-
events it may be necessary to use appropriate simulations. Simulation of bleed air contamination on 
ground in real aircraft cabin air environment may shed light on this gap of knowledge’.  

In the FACTS project, investigations were to be performed on the ground in a bleed air contamination 
simulator (BACS). To validate the simulation, the BACS results were to be compared to engine test-
bed measurements and inflight measurements on selected test aircraft with provoked fume events. The 
verified findings and comparisons of findings were expected to indicate whether fume events could be 
realistically simulated on the ground with oil injection into hot, pressurised air at up to 600°C and 8 bar.  

The BACS makes it possible to simulate a wide range of operating conditions of various types of 
currently available commercial engines. It should be used with a variety of sources of contaminants in 
multiple configurations. The BACS laboratory setup simulates the thermodynamic process acting on a 
contaminant, in order to assess influence of generic temperature and pressure conditions on compound 
decomposition. The BACS is capable of simulating air compression in engines and APUs, and it allows 
the simulation of targeted contamination ingestion, thereby yielding a full characterisation of the air 
following contaminant ingestion at the compressor exit and the ECS pack exit, respectively.  

The use of a simulator instead of a real jet engine offers the advantages of being independent of the 
type or state of the engine, the type of ECS and any variations between air-distribution systems. This 
provides the project with the advantage of introducing contaminants in a scientific, objective and 
reproducible manner, with easy access points. The results of these highly controllable simulator tests 
make it possible to verify the findings obtained at a real engine test bench and during test flights. Test 
flights are closest to reality, highly variable and less controllable. Comparison of the three test 
environments is intended to provide insight into the contamination resulting from oil leaking into the 
bleed air system. Moreover, if the results of the BACS prove highly comparable to those obtained at the 
engine test bench and in-flight, the BACS laboratory set-up could offer a cost-effective alternative for 
future research on oil contamination. 

The use of the BACS experimental set-up at the original location was not possible, due to closure of 
the site at this location. This made it necessary to dismantle, transport and reconstruct the existing set-
ups, in addition to certifying each part according to the European Pressure Vessel Regulations. The 
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relocation of the installation caused a significant delay of two years. The project ended before the BACS 
experiments could be performed.  

Investigation of cabin/cockpit air contamination by provoked fume event in flight (Task 2.2), 
ground test (Task 2.3) and investigation of deposits from ECS parts (Task 2.5).  

One real-flight experiment and one ground test provoking fume events on aircraft/engine combinations 
were performed. During the experiments, flight-certified measurement equipment was taken on board 
in order to perform chemical and physical characterisations of events while recording engine data for 
use as an input parameter for the BACS simulations to follow. A long-range, twin-aisle B757 aircraft 
was successfully investigated during several flight phases. These experiments were conducted in 
February 2019. A long range twin-aisle test aircraft has been investigated during modified engine 
ground tests, conducted in August 2019. The ground test was planned short term and performed as a 
substitute test only after the original planned flight test 2 was aborted due to a critical systems error. No 
passengers were present on either the flight test or the ground test— only flight crew and the scientific 
personnel necessary for performing the measurements. During the flight and ground tests, 
measurements were conducted under normal flight conditions (baseline flight, baseline ground test) 
and during flight and ground-test events. In addition, cabin surfaces, bleed air duct residues and filters 
were analysed. 

Aircraft fume events were provoked by overfilling, dry cranking and performing certain manoeuvres at 
top of climb and top of descent. The type of engine oil used in the flight and ground test were to be 
investigated further in the BACS and engine test rig experiments.  

Residues from several ECS parts were sampled at a designated maintenance facility. Residues 
collected from ECS parts were analysed and screened for volatile, semi-volatile and particle-bound 
compounds. Sampling and analyses were conducted in the second half of 2019.  

Engine Test (Task 2.4)  

Flight test and BACS experiments were supposed to be complemented by a test with intentional 
injection of oil into a real jet engine from a major manufacturer mounted on an engine test bench. 
Compared to the simulated engine at the BACS an engine test bench offers the advantage of 
investigating real engine conditions, at least for the type of engine available. The engine oil used by the 
engine during test flight / ground test was to be investigated at the engine test bench. The tests were 
to be performed at different engine settings (e. g. take off, cruise), and the contaminant was to be 
injected in the engine air flow. This approach was complementary to the Boeing VIPR study, where a 
contaminant was injected through a borescope in an engine on-wing, operating at one setting. Engine 
tests were scheduled for early 2020, but could not be performed before the end of the project.  

Toxicological risk assessment (Task 3) 

Compounds inhaled from fumes generated during in-flight fume events may have an impact on the 
human nervous system. One objective of the FACTS projects was to screen various mixtures of 
selected fumes for possible neurotoxicity hazards. To this end, in-vitro systems (e.g. the zebrafish 
neuromotor assay and neuronal cells in the MicroElectrode Array/MEA) were used as a first step. 
Preliminary experiments were done to test the effect and toxicity range of the oil compound 
tricresylphosphates (TCP) and of oil fume mixtures to zebrafish embryos and neuronal cells. 
Furthermore, an effective procedure for sufficient oil-fume trapping and mixing into fish medium were 
validated for use in the zebrafish assay. 
 
One project objective was to predict the actual hazards emerging from generated fume events, with a 
focus on the nervous system as the most important target organ. To achieve this objective, various 
types of engine oils and hydraulic fluids were heated under laboratory conditions for chemical analysis 
and for predicting their toxicity according to various bioassays. The engine oils and hydraulic fluids that 
were used are representative of those most commonly used in aviation, along with one TCP-free engine 
oil.  
 
Temperature and pressure settings are selected based on the flight test 1 data within the boundaries 
of the experimental set-up. 
 
To test whether exposure to oil fumes exerts a neurotoxicological effect, an in-vivo study in mice was 
designed and prepared in which animals would be exposed to the oil fumes and tested for neurotoxicity 
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using several behavioural and histopathological parameters. In addition, the in-vivo study was planned 
to contribute to the search for biomarkers of exposure and effect. To assess the effect of exposure to 
fumes on neurological functioning, a neurobehavioural test battery was to be used. Unfortunately, the 
FACTS project ended before the animal study could be executed. 
 
The intrinsic toxicity (hazard) of chemicals does not change under different occupational (or other) 
conditions/settings. However, changes in exposure situations (i.e. physical conditions, such as ambient 
air pressure and ventilation rate) may have an impact on internal (or external) exposure and physiology, 
and thus the toxicological outcome in terms of health risks. The effects of occupational conditions on 
the human body also vary between individuals, and they are dependent on individual-specific risk-
stratification factors, including Body Mass Index (BMI), smoking habits and underlying diseases. 
Existing reference values are not designed for the particular environmental conditions during flights. 
This calls into question the applicability of existing reference values for cabin-air risk assessments. 
Therefore, the applicability of existing reference values for workers and the general public was 
evaluated for the risk assessment of chemicals in cabin air. In addition, a dedicated risk assessment 
framework for cabin air quality is designed focused on short term peak exposures during fume events 
as well as long term exposure to lower concentrations of contaminants. 
 
Engineering controls: Risk-mitigation strategy (Task 4) 
The FACTS projects involve the investigation of potential mitigation measures aimed at reducing the 
risk of exposure to engine-oil contaminants in the cabin and the cockpit by reducing the likelihood of 
event occurrence and/or reduction of event exposure time. Measures address source elimination, 
source control, propagation restriction, propagation indication and remedy control at the aircraft level. 
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2 Review of the state of the art: (Task 1) 

2.1 Reading guide 

For this sub-deliverable, a separate public report is available:  
Review of State of the Art and Establishment of the baseline for the work (FACTS-D7.T1) 
 
A brief summary is presented in Section 2.2. 

2.2  Summary report,’’Literature, Baseline Gap Analysis’’: (Task 1) 

2.2.1  Introduction 

This report describes the work performed under Task 1: Review of the state of the art and establishment 
of the baseline for the work. The report provides an overview of existing knowledge (‘what has been 
done’) with regard to CAQ in relation to the following research sub-tasks within the FACTS project: 

1. Chemical inventory of potential bleed air contaminants (Task 2). 
- Experimental laboratory investigations. 
- In-flight measurement campaigns. 

2. Toxicology (Task 3A) 
- in-vitro neurotoxicity tests (cell line exposure and biochemical assays). 
- in-vivo neurotoxicity and behavioural tests (animal testing). 
- human biomonitoring and biomarkers. 

3. Health risks (Task 3B) 
- Epidemiological health-risk assessment.  
- Toxicological health-risk assessment. 

 
The results and conclusions for each of these sub-tasks are summarised here. The ‘Risk-mitigation 
strategy’ topic will be addressed in a separate report (D6). 

2.2.2 Exposure monitoring: (Task 2) 

 
GAP analysis 
Both laboratory and in-flight measurements have greatly contributed to the accumulation of knowledge 
concerning the chemical composition and degradation of chemical substances, the compositions of the 
engine oil applied and its vapours, and the impact of the emissions of bleed air contaminants on cabin 
air quality (CAQ). Knowledge should be focused on understanding one particular issue—cabin/cockpit 
air contamination (CAC) due to potential leaks—which results in short-term peaks of CAC. The intrinsic 
quality of the cockpit/cabin air under normal flight operating conditions has been the subject of many 
in-flight monitoring campaigns, which have yielded a good general overview of air quality on board 
aircraft. Of even greater importance, however, is the investigation of possibilities for the management 
and monitoring of air quality (including the marker components to be measured) for aircraft, which could 
allow for the proper assessment of CAQ. A review of the available literature reveals the following data 
gaps: 

 Chemical mapping between the low pressure (LP) and high pressure (HP) sections and the 
cockpit/cabin is lacking. Current knowledge is insufficient with regard to what happens as 
certain uncontrolled chemical emissions flow into the cockpit/cabin. 

 Little is known about the chemical nature and character of CAC events. 
 There is a need for chemical surveys of the surface contamination in the packs and ducts, as 

well as of the filter material used in the recirculation air system. 
 International inter-laboratory studies on sampling and analysis of tricresyl phosphates (TCPs) 

are lacking, resulting in poor validation data on method-performance characteristics. This 
makes it difficult to compare data on TCPs between monitoring studies. 
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 Most in-flight measurement campaigns differ in terms of experimental design, analytical 
approach and the statistical presentation of results. This also makes comparisons difficult. 
Analytical standardisation processes are needed in order to harmonise the monitoring of air 
quality. 

 A complete understanding is lacking with regard to processes that influence chemical emissions 
throughout the air-supply system as a whole, starting from the LP and HP sections, through the 
ECS packs and ducts, to the cockpit/cabin. 

 It is unclear which components might be formed along the route from the source to the flight 
deck and passenger cabin. 

 Suitable marker components for assessing CAQ have yet to be clearly identified. 
 Few measurements campaigns have been conducted to study de-icing, despite the serious 

contaminant effects that the spraying of de-icing agents can have on CAQ. Although many 
cases of glycols entering the cabin have been reported, little data has been collected on this 
phenomenon.  
 

Conclusions 
The continuation of projects to monitor air quality in-flight is unlikely to be constructive, given the 
improbability of encountering actual CAC events in view of the low number of incidents triggered by 
engine oil. Appropriate simulations are likely to provide a means of responding to some of the issues 
raised above. The simulation of bleed air contamination on the ground in real aircraft cabin air 
environments and during test flights in real aircraft could help to fill this knowledge gap. It is important 
to investigate the ‘black box’ of ECS, packs, ducting and HEPA filters in order to map the possible 
accumulation of bleed air contaminants (BAC) in the air system. 

2.2.3 Toxicological risk assessment:( Sub-task 3A) 

 
Gap analysis 
The central question concerns whether exposure to neurotoxic substances formed during fume events 
could be the cause of neuronal damage, as observed in alleged cases of ‘aerotoxic syndrome’. One of 
the main problems in the risk assessment of CAQ is the lack of data on neurotoxicity hazards for the 
majority of substances present in fumes. More importantly, fume events on board aircraft have the 
potential to expose occupants to a complex mixture of a large number of different substances, in highly 
variable concentrations.  
 
Few in-vitro or in-vivo toxicity tests of mixtures have been performed within the context of fume 
contaminants. There is a need for testing of combined toxicity of substances that may be present in 
engine fumes, given the current lack of knowledge concerning the hazards and potential health effects 
of exposure to such mixtures in general.  
 
Toxicity screening requires integrated cellular testing approaches that combine a variety of organ 
systems, along with whole-organism test systems, in order to allow more realistic simulation of organ 
interaction and to ensure that the test system includes metabolic competence. Few experiments have 
been conducted on the translation of in-vitro to in-vivo results within the context of fume exposure. 
 
It is necessary to study biomarker formation, stability and half-life under conditions of controlled 
exposure, thereby allowing the investigation of the relationship between fume mixtures and internal 
exposure doses, without interference from other sources that could influence the biomarker levels. It is 
therefore necessary to screen for and semi-quantify selected/targeted biomarkers in animals exposed 
to realistic and characterised fumes.  
 
Conclusions 
Integrated in-vitro testing strategies combining a realistic exposure scenario (inhalation exposure) with 
a relevant readout (neuronal function) are needed. Although in-vitro (cellular) research allows for 
detailed studies of toxicity, it often ignores important aspects (e.g. metabolism). The proposed 
combination of in-vitro cellular research using microelectrode array (MEA) and the air-liquid interface 
(ALI), the whole-organism in-vitro study on zebrafish, and an in-vivo rodent inhalation study with 
neurobehavioural and biomarker analysis therefore addresses several of the knowledge gaps identified 
above. Studies that include human relevant models might be useful for guiding decision-making support 
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concerning the aspects of fume events that pose the greatest risk to humans (e.g. temperature/pressure 
conditions and fuel/hydraulic/de-icing fluids used during flights and associated characteristics) and that 
should be considered for future mitigation procedures.  
 

2.2.4 Development of a risk-assessment methodology:( Sub-task 3B) 

Gap analysis 
Despite all available information on CAQ in relation to chemicals, persistent data gaps prevent decisive 
conclusions concerning the possible relationship between health-related problems and exposure to 
chemicals in aircraft cabin air during reported smell events.  

An initial screening of the available literature revealed the following data gaps: 

 The broad range of reported symptoms makes it difficult to define a clear case definition. . 
 Hazard information on many individual chemicals is lacking or incomplete. Information on the 

potential neurotoxicity of chemicals is often limited or non-existent. Further, long-term toxicity 
data that consider the accumulation of chemicals and chronic low-dose effects, especially with 
regard to neurological effects, are not always available.  

 No stand-alone standardised test is available for assessing neurotoxicity after long-term 
exposure to a mixture of chemicals. 

 The toxicity of chemicals and health-based limit values are based on standard conditions. 
Although calculation rules are described to adapt to deviant pressure conditions, further 
investigation is needed concerning the effect of deviant conditions in cabin air (e.g. hypoxic 
conditions) on the physiological impact of chemicals. 

 Exposure information is often limited to a small set of chemicals (mainly TCP). In addition, only 
limited information is available on potential complex mixture toxicology and how to address 
neurological effects after exposure to a complex mixture of chemicals in health-risk 
assessments. 

 Exposure information is based on standard conditions during normal flights. Measurements 
during fume events are hardly available, if at all. Prospective monitoring of cabin air (e.g. for 
measuring during fume events) is difficult and expensive.  

 Information on clinical effects or toxicity and information on exposure are obtained either 
independently or at the same time, but never in a prospective-cohort design. As a result, no 
evidence can demonstrate a causal relationship between chemical exposure and the symptoms 
reported by flight crew  

 No suitable biomarkers exist to determine exposure or to indicate potential health effects. 
 

This descriptive overview provides baseline information on health-risk assessment within the context of 
CAQ, as identified in the literature available to the consortium partners. Over the years, various studies 
have investigated—at least partially—the relationship between CAQ and its impact on health among 
flight crew. Although numerous studies have been performed, several data gaps have been identified 
with regard to hazard information for specific chemicals, exposure measurement, health-effects 
measurement and study design. Some of these data gaps are difficult to address. For example, the 
broad range of reported symptoms makes it difficult, if not impossible to arrive at a clear definition of 
‘aerotoxic syndrome’. Exposure to different chemicals, potential mixture toxicology, infrequent fume 
events and an undefinable syndrome (health effects) combine to generate excessive complicity within 
an appropriate epidemiological design to establish causality.  

Further research should be designed carefully in order to start filling the data gaps, including with regard 
to hazard information focusing on neurological effects, mixture toxicology, exposure measurement 
during fume events, the influence of the cabin conditions in relation to limit values and the identification 
of suitable biomarkers.   
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3 Exposure monitoring: BACS (Task 2) 

3.1 Reading Guide 

For this sub-deliverable, a separate public report is available:  
Detailed Test Plan BACS Experiments.  
A brief summary is provided in Section 3.2. 

3.2  Summary report,’’ BACS’’: (Sub-task 2.1) 

3.2.1  Introduction 

The ‘Detailed Test Plan for BACS Experiments’ defines the experimental set-up, the environmental 
parameters to be monitored and the suspicious bleed air/cabin air contaminants to be investigated in 
the Bleed Air Contamination Simulator (BACS) planned for Task 2.1.  

3.2.2  Objectives and scope 

The detailed characterisation of four different engine oils at different concentrations and at different 
temperature/pressure conditions in the BACS, and a thorough analysis of oil constituents and 
breakdown products in the air should result in a broad overview (fingerprint) of substances and 
concentrations (fingerprint) for toxicological evaluation, possible health implications for 
passengers/crew and mitigation measures at the level of the aircraft.  

3.2.3  Methodology 

The plans called for injecting engine oils into hot (200°–600°C) compressed (3–8 bar) air (200 kg/h), 
with thorough monitoring and analysis of the composition of air as it travels through the BACS (simulated 
ECS) from the injection point to the sampling point at room temperature/ambient pressure (simulated 
cabin). Parameters selected for online monitoring include CO, CO2, NO/NOx, SO2, TVOC, PM, UFP 
and BC. Chemicals selected for offline analyses include VVOCs, VOCs, SVOCs, OVOCs, 
aldehydes/ketones, organic acids, organophosphates, dioxins/furans, PAHs, PCBs, EC/OC and particle 
composition. The plans further called for wipe sampling of the BACS piping for comparison to real 
aircraft ducting. Further details are available in the public document.  

3.2.4  Results and Discussion 

The tests could not be performed before the end of the project due to issues related to the relocation, 
reconstruction, set-up and certification of the BACS, as previously mentioned in Section 1.2.  
The BACS tests are now being performed within the context of a national programme. 

3.2.5  Conclusions and recommendations 

The test plan was adapted and extended to another possible CAC. In addition to engine oil, hydraulic 
oil and de-icing liquid were included. They are currently being investigated in the BACS at the national 
level. 
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4 Exposure monitoring: Flight Test 1 (Task 2) 

4.1 Reading guide 

For this sub-deliverable, two separate confidential reports are available.  
Final Report: Task-2.2: Flight test 1 Test Plan 
Final Report: Task-2.2: Flight test 1 Test Report 

 
Two extended summaries are presented in Sections 4.2 and 4.3.  

4.2  Summary report,’’ Detailed Test Plan Flight Test 1’’: (Sub-task 2.2) 

4.2.1  Introduction 

The DetailedTest Plan for the B757 Test Flight describes the plan for in-flight CAQ measurements on 
board a Boeing 757 aircraft operated by a partner airline. The B757 was selected because it has a 
known history of fume and smell events and because it is apparently relatively easy to generate such 
events during flight. The partner airline has B757 aircraft, but the exact aircraft on which the flight tests 
will be performed will be selected by flight operations on short notice.  
 
The following details of the aircraft configuration are pertinent to the test: 
 Engine and APU oil type: NYCO oil Turbonycoil 600. 

This is an alternative to the other approved oils, but is free of TriCresyl Phosphate (TCP). 
 Ozone converters. 

Although the aircraft is fitted with ozone converters, they are not under an active maintenance 
program. 

4.2.2 Objectives and scope 

The objective of this test procedure is to obtain two sets of measurement data: 
1) A baseline flight under normal flight conditions 
2) A test flight including a provoked high concentration of engine oil fume in the cockpit and the cabin 
 
The availability of two sets of data will allow comparisons between the different operating conditions 
and their effects on CAQ. 
 
The following points were considered in designing the flight profiles and special manoeuvres to be 
executed during the test flight: 
1) The flight profile should mimic a normal revenue flight. 
2) Each flight phase is aimed at a minimum duration of 25 minutes, with a goal of 30 minutes, in order 

to obtain appropriately low detection limits. 
3) Engine power settings should be high, in order to enhance the potential for fume events. 
4) Test manoeuvres should be relatively easy for the crew to execute. Recovery procedures should 

be detailed as well. 
5) Each flight manoeuvre should be executed at least twice, for purposes of repeatability. 
6) Aircraft performance at some altitudes could potentially limit the execution of special manoeuvres. 
 
Some of these points are mutually contradictory. For example, an empty B757 with maximum climb 
power will reach flight level (FL) 420 in about 16 minutes, which is too quick for the offline sampling. For 
this reason, the flight profile to be flown is likely to be a compromise between the possibilities and 
limitations applicable to the execution of the test flight. 
 
The provocation of cabin air conditions with possible high concentrations of engine oil during the test 
flight is expected to occur in response to any one of the following conditions: 
 Over-topping the engine oil reservoir 
 Starting the Environmental Control System (ECS) and APU simultaneously. 
 Starting the ECS before the main engine has been stabilised. 
 High-power take-off. 
 Top of climb. 
 Top of descent. 
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 Activating anti-icing during descent 
 
The instrumentation for the test flight consists of a set of instruments that vary in terms of both type 
and measurement principles. The measurement principles are as follows: 
1) Online measurements. 
2) Offline measurements. 
3) Wipe sampling. 
4) Filter sampling. 
 
The contaminants to be measured were selected based on previous tests, available instrumentation 
and the possibilities for testing on board (e.g. available space and power). Down-selection is not 
possible, as the BACS testing was not performed before the flight test. A maximum amount of 
instrumentation will therefore be used during the tests, although this may be limited by the 
aforementioned considerations (e.g. space and power). 
 
Various contaminants (i.e. carbon monoxide [CO], carbon dioxide [CO2], Ozone [O3] and volatile organic 
compounds [VOCs]) will be measured during the tests. Environmental parameters (e.g. relative humidity 
[RH], temperature and pressure) will be measured as well. 

4.2.3  Methodology 

The aircraft will be removed from revenue service for instrument installation and flight testing. Removal 
from revenue service should ideally be planned before maintenance.  
 
During the provoked test flight, the ECS will be run in full fresh-air supply, and the recirculation fans will 
be switched off. For the baseline test, the recirculation fans will be used as during normal operation. 
This setup has been chosen in order to:  
 Generate normal concentrations of contaminants during the baseline flight.  
 Generate the highest possible concentration of contaminants during the test flight. 
 
The difference between the airflow supplied in each of the two conditions must be considered when 
comparing the results of the two flights.  
 
The preparation and tests will be planned according to the following schedule: 
 
Date Topic 

Day -3  Latest date for instrument arrival 
Day -2   Instrumentation check and staging 

 Dry run to practice test flight on the instrumentation 
side 

Day -1  Aircraft preparation and instrumentation installation 
Day 0  Baseline flight 

 Test flight 
 Instrumentation removal 

Day +1  Instrumentation check and packaging for return 
transport 
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The baseline flight and the test flight will be performed on the same day. A detailed test schedule has 
been prepared for this test day: 
 

 
 
Finally, the following notes will be made with respect to the flight test measurements: 
 All test equipment clocks shall be synchronised to the aircraft Universal Time Coordinated (UTC) 

clock.  
 The quick access recorder (QAR) will be downloaded post flight in order to obtain operational data 

on flight conditions, engine, APU and ECS pack operation. 
 A post-flight readout of the flight data recorder (FDR) will provide the major aircraft data, including 

G-forces. 
 
Detailed test procedures will be drafted for the baseline flight and the test flight, as well as for the aircraft 
configuration and handling before and after the test. 
 
Baseline flight 
The baseline flight will be flown as a normal flight, with no additional preparations. The flight profile has 
been selected in order to resemble the flights that were tested in the EASA CAQ 1 study [Final Report 
EASA_REP_RESEA_2014_4, Research Project: CAQ Preliminary cabin air quality measurement 
campaign, 21 March 2017]. The division of flight phases is presented in Figure 4.1. 
 

 

Figure 4.1 Flight phases [adapted from EASA CAQ 1] 

The flight phases are as follows: 
1) From engine start and taxi-out to just before take-off. 
2) From take-off to top of climb. 
3) Cruise. 
4) From top of descent to just after landing. 
 
No measures will be taken in Phase, 5 from taxi-in to engine stop (the final phase), as the FACTS study 
focuses primarily on the possible effects of oil contamination from the engine. 
 
The test procedure for the baseline test is set out as follows: 
1) (Phase 1) Start measurements. 
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2) (Phase 1) APU on while on ground. 
3) (Phase 1) Both engines on, APU off. 
4) (Phase 1) Communication check with tower and Air Traffic Control (ATC) to ensure no 

interference from test equipment. 
5) (Phase 1) Taxi-out, such that 30 minutes are obtained for Phase 1. 
6) (Phase 2) Take-off, with max take-off power, climb with max climb power to FL210 (FL=Flight 

Level). 
7) (Phase 2) Level flight at FL210 for 5 minutes. 
8) (Phase 2) Continue climb with max climb power to FL420. 

Adjust climb phase (with ballasting and/or halting climb at FL210), such that the minimum duration 
of 25–30 minutes is achieved. 

9) (Phase 3) Cruise; 45–60 minutes at FL420. 
10) (Phase 4) Descent using idle descent power and land; stop measurements after leaving runway 

Adjust descent phase with holding pattern, such that the minimum duration of 25–30 minutes is 
achieved. 

11) Taxi-in and shut-down. 
 
Test flight 
A second flight will be performed, in which the aircraft is prepared for and/or subjected to conditions 
that might induce a fume event.  
 
The aircraft will be prepared by: 
 Over-topping the engine oil reservoir for both engines with one quart of oil above the maximum 
 Checking the oxygen bottles in the cockpit and protective breathing equipment for the flight and test 

crew 
 
The flight itself will be essentially similar to the baseline flight. The flight conditions will differ on the 
second flight, and events that could potentially induce fume events will be induced on seven occasions. 
The seven events on the test flight are displayed in Figure 4.2. 
 

 

Figure 4.2 Test flight with events (starred) [adapted from EASA CAQ 1] 

The seven events will be distributed over the four flight phases with two events per flight phase. The 
events will be induced as follows: 
 Flight Phase 1: Engine start with overfilled oil. 
 Flight Phase 2: Once at FL210 and once at FL420 (FL=Flight Level). 

When climbing with full engine thrust and best rate of climb, pitch the aircraft forward targeting 
0.5-0.1g for 5 seconds while reducing thrust to cruise Engine Pressure Ratio (EPR). 

 Flight Phase 3: Once at descent from FL420 to FL380, once from FL380 to FL340. 
When cruising with cruise thrust, pitch the aircraft forward targeting 0.5-0.1g for 5 seconds while 
reducing cruise thrust to flight idle power. 
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 Flight Phase 4: Once at FL300, once at FL200 
Switch on airframe anti-icing for 1 minute. 

 
The test procedure for the test flight is set out as follows: 
1) (Phase 1): Start measurements. 
2) (Phase 1): APU on while on ground. 
3) (Phase 1): Both engines on, APU off. 
4) (Phase 1): Taxi, such that 30 minutes are obtained for Phase 1. 
5) (Phase 2): Take-off with full take-off power, climb with max climb power to FL210. 
6) (Phase 2, Event 1): At FL210, push-over 1. 
7) (Phase 2): Level flight at FL210 for 5 minutes, then continue climb with max climb power to FL420. 
8) (Phase 2, Event 2): At FL420, push-over 2. 
9) (Phase 3): Cruise; 10 minutes at FL420. 
10) (Phase 3, Event 3): Push-over 3. 
11) (Phase 3): Descent to FL380, then cruise for 10 minutes. 
12) (Phase 3, Event 4): Push-over 4. 
13) (Phase 3): Descent to FL340, then cruise for 10 minutes. 
14) (Phase 3): Climb to FL420, then cruise to obtain 45–60 minutes for Phase 3. 
15) (Phase 4): Descent using flight-idle descent. 
16) (Phase 4, Event 5): At FL300, switch on airframe anti-icing for 1 minute. 
17) (Phase 4, Event 6): At FL200, switch on airframe anti-icing for 1 minute. 
18) (Phase 4): If necessary, include holding pattern to obtain the same duration of Flight Phase 4 as on 

the reference flight. 
19) (Phase 4): In-flight, the worst fume event of the executed flight events will be established. This 

event will be repeated two more times. 
20) (Phase 4): Descent and land; stop measurements after leaving runway. 
21) Taxi-in and shut-down. 
 
 
Before and after testing 
Several actions must be taken before and after each flight, in order to set the aircraft configuration. 
 
Before the baseline flight: 
 Note the aircraft’s flight hours and cycles. 
 Note the engine’s flight hours and cycles since installation. 
 Note the APU’s flight hours and cycles since installation. 
 Install new filters in the forward and aft galleys. 
 Service engines and APU with oil level not above maximum. 
 Ensure that the aircraft does not have any Master Minimal Equipment List (MMEL) items for ATA 

21, 30, 36 and 75 (bleed air, air-conditioning and anti-icing system). 
 Assess the latest MMEL deferrals and technical reports for any items that could potentially impact 

testing. 
 Perform high-pressure duct wipe sampling. 
 Close all gaspers in the passenger service unit, except those near the instrumentation. 
 
After the baseline and before the test flight: 
 Collect filters in the forward and aft galleys. 
 Install new filters in the forward and aft galleys. 
 Service engines with oil level at maximum, then over-top each engine by one quart of additional oil 

above the maximum level. 
 Switch recirculation fans OFF. 
 Perform high-pressure duct wipe sampling. 
 Read-out of the quick access recorder (QAR) and flight data recorder (FDR). 
 
After the test flight: 
 Collect filters in the forward and aft galleys. 
 Perform high-pressure duct wipe sampling. 
 Read-out of QAR and FDR. 
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4.2.4  Instrumentation 

The instrumentation for measuring in-flight air quality contamination is installed in the main cabin. An 
overview of the measurement equipment for online and offline measurements, wipe samples and filter 
samples is provided below, along with important considerations relating to installation. In general, for 
larger equipment, space is freed up by removing Seat Rows 6 and 7 on the right side of the aircraft, 
with smaller equipment being operated as hand-held devices or strapped onto passenger chairs. 
 
Online instrumentation 
Table 4.1 provides a brief overview of the online instrumentation in both the cockpit and the cabin.  
 
Table 4.1 Overview of online instrumentation 

Contaminant Cockpit Cabin 

Carbon monoxide (CO) ✓ ✓ 

Carbon dioxide (CO2) ✓ ✓ 

Ozone (O3) ✓ ✓ 

Pressure ✓ ✓ 

Temperature ✓ ✓ 

Relative humidity ✓ ✓ 

Ultrafine particles (UFP size distribution) ✗ ✓ 

Ultrafine particles (UFP total particle number) ✓ ✓ 

Sulphur dioxide (SO2) ✗ ✓ 

Total volatile organic compounds (TVOC) ✓ ✓ 

Black carbon (BC) ✓ ✓ 

Particulate matter (PM) ✓ ✓ 

eNose (Metal-oxide sensor) ✗ ✓ 

Aerotracer ✓ 
Portable instrument 

 
There are differences between the sensor suites in the cockpit and in the cabin, due to considerations 
including space and power restrictions. To ensure that the cockpit remains a safe working environment 
for the test pilots and test crew, it will not be possible to install a lot of bulky instrumentation there. For 
this reason, no ultrafine particle (UFP) size distribution measurements will be taken in the cockpit. With 
regard to the measurement of sulphur dioxide (SO2), no small battery powered instrument is currently 
available within the consortium to be placed in the cockpit. The same applies for the eNose: only one 
instrument is available. Because the Aerotracer is a portable instrument, it can be used either in the 
cockpit or in the cabin during both test flights.  
 
The samplers will be located as follows: 
Cockpit: 
 Samplers will be positioned in open air close to a gasper air supply, probably on the rear left side, 

behind the fourth seat. 
 The CAQ trolley will be installed outside the cockpit in the G1A galley, and a sampling hose will be 

run to the sampling position in the cockpit. 
Cabin: 
 Samplers will be positioned in open air close to a gasper air supply. 
 Samplers will be positioned on the right side of the cabin, between Rows 6 and 9. 
 
The list of planned online instrumentation is displayed in Table 4.2. 
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Table 4.2 List of planned online instrumentation 

Instrument Type Contaminant/ 
parameter 

Sensor type Measurement 
range 

Typical 
sampling 
duration 
[mm:ss] 

Total 
volume 
needed per 
min [L] 

 Cockpit     

CAQ Trolley  Carbon monoxide 
(CO) 

NDIR 3–300 ppm 00:01 Total 7 litres 
for all online 
sensors CAQ Trolley Carbon dioxide (CO2) NDIR 20–5000 ppm 00:01 

CAQ Trolley Ozone (O3) UV 20–300 ppb 00:01 

CAQ Trolley Pressure  0–10 bar 00:01 

CAQ Trolley Temperature  -30–+500 °C 00:01 

CAQ Trolley Relative humidity  0–100 % 00:01 

CAQ Trolley Total volatile organic 
compounds (TVOC) 

PID 2–20 ppm 00:01 

CAQ Trolley Particulate matter 
(PM) 

Light scattering, 
diode laser 

0.25–30 µm 00:06 

P-Trak CPC model 8525 
(TSI Incorporated) 

Ultrafine particle 
(UFP) – number 

CPC  20–1000 nm 00:01 0.8 

Micro-aethalometer type 
AE51 (Magee Scientific, 
Aethlabs) 

Black carbon (BC) LED 0–1 mg/m³ 01:00 0.15 

 Cabin     

Airpointer (Recordum) Carbon monoxide 
(CO) 

NDIR 0.04–10000 ppm 00:01 1 

CaTeC Klimabox 5000 Carbon dioxide (CO2) NDIR 0–5000 ppm 00:01 1 

Airpointer (Recordum) Ozone (O3) UV 0.5 ppb–200 ppm 00:01 1 

GE DPI-800 Pressure  500–1100 mbar 00:01  

Testo 175H1 Temperature  -20–+55 °C 00:01  

Testo 175H1 Relative humidity  0–100% 00:01  

Airpointer (Recordum) Sulphur dioxide (SO2) UV 0.5 ppb–10 ppm 01:30 0.5 

SIFT-MS (Voice 200) Volatile organic 
compounds (VOC) 

Quadrupole MS ppb–ppm 01:00 0.025 

Micro Aethalometer type 
AE51 (Magee Scientific, 
Aethlabs) 

Black carbon (BC) LED 0–1 mg/m³ 01:00 0.15 

SMPS model 3936 (TSI 
Incorporated_ 

Ultrafine particle 
(UFP) size 

Neutralise, DMA, 
CPC 

0.015– 0.6 µm 00:01 0.3 

P-Trak CPC model 8525 
(TSI Incorporated) 

Ultrafine particle 
(UFP) number 

CPC 20–1000 nm 00:01 0.8 

Grimm 1.108 aerosol 
spectrometer 

Particulate matter Light scattering 0.3–20 µm 00:06 1.2 

Aerotracer Aerotracer 
(compound analyser) 

Comprising hybrid 
sensor array 

n/a ~01:00 1 

eNose eNose 
(profile analyser) 

Metal-oxide 
sensor 

n/a 05:00 1 
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Offline instrumentation 
Table 4.3 provides a brief overview of the offline instrumentation in both the cockpit and the cabin.  
 
Table 4.3 Overview of offline instrumentation 

Contaminant Cockpit Cabin 

Polycyclic aromatic hydrocarbons (PAHs) ✗ ✓ 

Dioxines/furanes ✗ ✓ 

Organophosphate compounds (OP[C]s) ✓ ✓ 

Aldehydes-ketones moistured ✓ ✓ 

Volatile organic compounds (VOCs) Tenax ✓ ✓ 

Organic acids ✓ ✗ 

Amines ✗ ✓ (whole flight only) 

Ultrafine particles (UFPs) X ✓ 

 
Offline measurements will be taken during the flight phases, as well as during the events. The list of 
planned offline samples during the flight phases and during the provoked events is provided in the 
following two tables (Tables 4.4. and 4.5). 
 
Table 4.4 Offline samples planned  

Compound Volumetric 
flow rate  

Flight Phase 

 [l/min] 1 2 3 4 Whole 
Flight 

Cockpit       

Organophosphate 
compounds (OP(C)s) 

2.5 2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

Aldehydes-ketones 1.5 2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

Volatile organic 
compounds (VOCs) Tenax 

0.1 2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

Organic acids 0.1 2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

Cabin       

Polycyclic aromatic 
hydrocarbons (PAHs) 

2     2 parallel 
samples 

Dioxines/Furanes 30-60     1 sample  

Organophosphate 
compounds (OP(C)s) 

2.5 2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

Aldehydes-ketones 1.5 2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

Volatile organic 
compounds (VOCs) Tenax 

0.1 2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

2 parallel 
samples 

Amines 0.1     2 parallel 
samples 

Ultrafine particles (UFPs) 1     1 sample  
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Table 4.5 Offline samples planned 

Compound Flow 

rate 

[l/min] 

Sample 

time 

[mm:ss] 

Flight phase  

& event 

Cockpit    

VOCs canister 1.0 2x 03:00 1 

Engine start with overfilled oil 

VOCs canister 1.0 2x 03:00 2 

0.5g push-over with engine power reduction, Maximum Climb (MC) to Cruise 

(CR) 

VOCs Tenax 0.5 2x 03:00 2 

0.5g push-over with engine power reduction, Maximum Climb (MC) to Cruise 

(CR) 

VOCs canister 1.0 2x 03:00 3 

0.5g push-over with engine power reduction, Cruise (CR) to Idle Descent (ID) 

VOCs canister 1.0 2x 03:00 4 

Engine on Idle Descent (ID) power, switching airframe anti-icing on and off 

VOCs canister 1.0 2x 03:00 Repeat of most critical fume event 

Cabin    

VOCs canister 1.0 06:00 1 

Engine start with overfilled oil 

VOCs canister 1.0 2x 03:00 2 

0.5g push-over with engine power reduction, Maximum Climb (MC) to Cruise 

(CR) 

VOCs Tenax 0.5 2x 03:00 2 

0.5g push-over with engine power reduction, Maximum Climb (MC) to Cruise 

(CR) 

VOCs canister 1.0 2x 03:00 3 

0.5g push-over with engine power reduction, Cruise (CR) to Idle Descent (ID) 

VOCs canister 1.0 2x 03:00 4 

Engine on Idle Descent (ID) power, switching airframe anti-icing on and off 

VOCs canister 1.0 2x 03:00 Repeat of most critical fume event 

 
The samplers will be located as follows: 
Cockpit: 
 Samplers will be positioned in open air close to a gasper air supply, probably on the rear left side, 

behind the fourth seat. 
 The CAQ trolley will be installed outside the cockpit in the G1A galley, and a sampling hose will be 

run to the sampling position. 
 Two battery pumps will be located in the cockpit or in the forward galley, with a sampling hose to 

the cockpit. 
Cabin: 
 Samplers will be positioned in open air close to a gasper air supply. 
 Sampling height 1.70 m. 
 Samplers will be positioned on the aisle between Rows 22 and 30, in order to prevent contamination 

from test personnel in the forward cabin. 
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Wipe sampling 
Wipe samples will be taken at various positions and before and/or after flights. An overview is provided 
in Table 4.6. 
 
Table 4.6 Overview of wipe samples 

Location Quantity Time 

Bleed air duct at HP2 1 parallel wipe sample  Before reference flight 

 Before test flight 

 After test flight 

Metal surface in cockpit 1 parallel wipe sample  Before test flight 

 After test flight 

Metal surface in galley 1 parallel wipe sample  Before test flight 

 After test flight 
 
Filter sampling 
Air extraction is used to control the air in the forward and aft galleys of the B757. A filter will be installed 
in the air-extraction opening, in order to prevent duct contamination. New filters will be installed before 
each test flight, and they will be collected for analysis after each flight. 
 
Table 4.7 provides an overview of the filter samples that will be taken. 
 
Table 4.7 Filter samples 

Location Timing 

Forward galley End of baseline flight 

Aft galley End of baseline flight 

Forward galley End of test flight 

Aft galley End of test flight 

 

4.2.5  Results and Discussion 

EASA has previously funded a study on CAQ (see the following reference: [Final Report 
EASA_REP_RESEA_2014_4, Research Project: CAQ Preliminary cabin air quality measurement 
campaign, 21 March 2017]). The FACTS study is a follow-up to this study, focussing primarily on 
possible engine oil contamination in the cockpit and the cabin. It would be worthwhile to compare the 
present flight test plan to the plan from the previous study, in order to identify overlaps and new items. 
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The following parameters are reported to have been studied in the EASA CAQ 1 report (p. 30): 

 
 
In comparison to the instrumentation listed in the EASA CAQ 1, the FACTS flight test plan (both online 
and offline) includes more instrumentation. The following items are complementary to the EASA CAQ 
1 study: 

 Sulphur dioxide (SO2). 
 Black carbon (BC). 
 Particle matter (PM). 
 Ultrafine particles (UFPs). 
 Polycyclic Aromatic Hydrocarbons (PAHs). 
 Dioxines. 
 Organic acids. 
 Amines. 

 
It is also important to note that the EASA CAQ 1 measurements were taken during normal revenue 
flights in which no fume events were reported. The present flight test plan involves two specifically 
conducted test flights, with non-standard procedures being used in the second flight in order to generate 
fume events. This allows comparison to a normal flight, in addition to providing a high probability of 
capturing a fume event. 

4.3 Summary report,’’ Flight Test 1’’: ( Sub-task 2.2) 

4.3.1  Introduction 

The Test Results Report for Flight Test 1 describes the first flight test performed within the FACTS 
project in winter 2019. The report includes details on the execution of the test and the results from the 
in-flight CAQ measurements. The flight test was performed on board a Boeing 757 aircraft operated by 
a partner airline. 
 
The following details of the aircraft configuration were pertinent to the test: 
 Engine and Auxiliary Power Unit (APU) oil type: NYCO oil Turbonycoil 600 

This is an alternative to other approved oils, but is free of TriCresyl Phosphate (TCP). 
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 Ozone converters 
Although the aircraft is fitted with ozone converters, they are not under an active maintenance 
program. 

 Type of engine 
The aircraft is fitted with Rolls-Royce RB211-535E4-B-37 engines. 

4.3.2  Objectives and scope 

The objective of FACTS Task 2 is to determine the chemical composition of cabin and cockpit air during 
a high-fidelity provoked smell/fume event on board an actual aircraft in flight. The flight tests in Task 2 
are intended to provide a proper accumulation of measurements. The flight testing includes only specific 
flight tests, given the decision not to conduct any tests on board regular commercial flights. In the 
FACTS proposal the goal of the flight tests is described as follows: ‘In Phase 2 of the study, test aircraft 
from partners (e.g. A380 or B757) can be used for provoking cabin air contamination (CAC) events. 
Depending on the type of aircraft and engines, skilled pilots can create fume events in flight (e. g. at top 
of climb) under normal operating conditions. Such provoked fume events can be used for thorough 
chemical analyses as described before, provided that the necessary measurement equipment to be 
taken on board has been or can be certified. Certain pieces of measurement equipment owned by 
partners have already been certified and are ready to be used on such flights’. 
 
The objective of this test flight was to obtain two sets of measurement data: 
1) Chemical composition of cabin and cockpit air during a baseline flight under normal flight conditions 
2) Chemical composition of cabin and cockpit air during a test flight with provoked events, possibly 

allowing engine oil to enter the bleed air and, subsequently, the cockpit and cabin air supply 

4.3.3  Methodology 

The test objective was to obtain two sets of data on two different flights, thereby allowing comparisons 
between different operational conditions and their effects on CAQ. The flight profiles for these two flights 
are similar, except for the manoeuvres needed to provoke an event that could potentially allow engine 
oil to enter the bleed air during the test flight. The flight profiles of the baseline and test flights are 
presented in Figures 4.3 and 4.4. Both of these flight profiles were planned in order to reflect a normal 
flight profile, and to maximise the reproducibility of the manoeuvres and operating scenarios. 
 

   

Figure 4.3 Flight profile for the baseline flight 
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Figure 4.4 Flight profile for the test flight 

Each flight was divided into four distinct phases, each lasting at least 25 minutes, in order to obtain low 
detection limits for the offline sampling. It should be noted that online measurements were performed 
during the entire baseline and test flights, but that offline measurements were executed at a pre-
determined time during the flight, according to the test plan (see Section 4.2). For the subsequent 
phases (i.e. Phases 2, 3 and 4), the flights included flying in a holding pattern at FL250, FL380 and 
FL100, in order to ensure the minimum length of 25 minutes.  
 
The following events were performed during the test flight:  
 Engine start: event provocation by over-topping the engine oil reservoir and during take-off at high 

power. 
 Top of climb (ToC) 1 & 2: event provocation by pitching the aircraft forward, targeting a vertical 

acceleration of 0.5–0.1g for 5 seconds, while reducing thrust to cruising engine pressure ratio 
(EPR). 

 Top of descent (ToD) 1 & 2: event provocation by pitching the aircraft forward, targeting 0.5–0.1g 
for 5 seconds, while reducing cruise thrust to flight idle power. 

 Anti-icing selection (A-ICE) 1 & 2: event provocation by switching on the anti-icing system during 
descent. 

 Top of climb (ToC) 3 & 4 (event repetition): event provocation similar to ToC 1 & 2. 
 
At the end of Phase 4 in the test flight, a decision was made to repeat one of the three flight manoeuvres 
in order to produce an additional set of data. The choice to repeat the ToC event was based on real-
time analysis of the online measurements from the following on-board online sensors: 

 Ultrafine particles (Cabin). 
 Black carbon (Cabin). 
 Total volatile organic compounds (Cabin). 
 Carbon monoxide (Cabin). 
 Aerotracer (Cabin). 
 Particle matter (Cabin). 

 
The events are described in greater detail below. 
 
‘Engine start’ event 
Over-topping an oil reservoir, although against procedure, could potentially create a situation in which 
the excess oil would enter the engine at some point. The increased weight of the oil column above the 
lowest point in the engine could potentially lead to additional oil seepage through a seal. 
 
The highest pressure ratio across the seal to be experienced during operations occurs at high-power 
take-off. At that point, the seals are stressed to their maximum. If oil seepage can occur naturally, it 
would be expected to occur at this point. 
 
These conditions during engine start could be performed only once during the test flight. 
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ToC and ToD event 
At top of climb and top of descent, two effects could potentially occur at the same time: a reduction in 
engine power (associated with the change in flight level) and a change in altitude. When performed 
briskly, the change in flight altitude can lead to significantly reduced G-levels, and the reduction in 
engine power could lead to changes in pressure ratio over the seals. The combination of these effects 
could disturb the seal, potentially allowing oil seepage to occur. 
 
‘A-ICE’ event 
During descent, the engine is normally in a very low-power setting. Increasing the bleed air offtake by 
switching on the anti-icing system will lead to a change in the bleed air system, since the bleed port 
used to bleed the air normally shifts from the Low (or Intermediate) pressure port (LP/IP) to the High 
pressure port (HP). This could result in a transient change in the engine’s air pressure system, 
thereby causing a transient effect on the pressure ratio over the seal. This could cause oil seepage to 
occur. 

4.3.4  Test execution 

This section describes details of the test execution, as obtained from aircraft configuration observations 
and recordings on the quick access recorder (QAR) installed in the aircraft. All times are noted in 
Universal Time Coordinated (UTC).  
 
De-icing operation 
The following should be noted with respect to the de-icing operation: 
 The last de-icing operation of the aircraft before the test flights occurred five days before the test. 

Since that time, the aircraft had made two additional flights, both without de-icing. 
 No de-icing was performed on either the baseline or the test flight. 
 
Test crew 
The aircraft was prepared for a test crew of 20 people. The following individuals were present on both 
flights: 
 Flight crew: 2 pilots and 1 cabin attendant. 
 Partner airline staff: 3 engineers. 
 FACTS crew: 10 test-crew members. 
 DG-Move/Scientific Committee: 3 observers. 
 EASA: 1 test observer. 
 
Flight profiles and timing 
The flight profile that was executed is displayed in Figure 4.5 as a comparison plot of the baseline flight 
and the test flight. Both flights were performed according to the plan. 
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Figure 4.5 Comparison of flight altitude profiles 

As indicated in the figure, the flight profiles are essentially the same. The profiles for Phase 1 (taxi-out) 
and Phase 2 (take-off and climb) are identical. The profiles for Phase 3 (cruise) are different, as two 
top-of-descent events were executed during the test flight. At the end of Phase 3 on both flights, the 
aircraft was at an altitude of 38,000 ft. For both flights, the duration of Phase 3 corresponded to the test 
plan. The profiles for Phase 4 (descent) are again identical for both flights. After the flight levelled off at 
10,000 ft, the baseline flight climbed to 25,000 ft, in order to practice the top-of-climb manoeuvre. In 
contrast, the test flight climbed to both 25,000 ft and 38,000 ft, in order to repeat the top-of-climb 
manoeuvres. 
 
The timing of the various flight phases during the baseline flight and the test flight was recorded, as was 
the timing of all events during the test flight, as presented in the tables below. 
 

Table 4.8 Timing of baseline flight phases Table 4.9 Timing of test flight phases 

Phase Duration  Phase Duration 

Phase 1 00:27:00 Phase 1 00:25:00 

Phase 2 00:30:00 Phase 2 00:28:15 

Phase 3 00:45:00 Phase 3 00:50:25 

Phase 4 00:25:00 Phase 4 00:25:00 

Whole 
flight 

02:17:00 Whole 
flight 

02:20:00 

 
  



 
 

Doc.nr: 
Version: 
Classification: 
Page: 

FACTS-D7 Overall Summary 
FINAL 
Public 
43 of 151  

 

Copyright © 
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of air-quality levels inside the cabin of large transport 
aircraft and their health implications 

 

Table 4.10 Timings test flight events 

Event Duration 

Engine start 00:06:00 

Top of climb 1 00:03:00 

Top of climb 2 00:03:00 

Top of descent 1 00:03:09 

Top of descent 2 00:03:00 

Anti-icing 1 00:03:00 

Anti-icing 2 00:03:00 

Top of climb 3 00:03:00 

Top of climb 4 00:03:00 

 
Pressure and temperature 
Data from the aircraft recordings were used to plot static pressure as a function of flight altitude. The 
static pressure for both flights is presented in Figure 4.6, as is the static pressure for the International 
Standard Atmosphere (ISA) conditions. From the figure, it can be concluded that the static ambient 
pressure followed the ISA conditions perfectly, as would be expected. 
 

 

Figure 4.6 Static ambient pressure for both flights 

Because the test was executed in the winter, cold temperatures were expected. The measured ambient 
temperatures for both flights are plotted in Figure 4.7 as a function of flight altitude. As shown, 
temperature at altitude follows the trend of the International Standard Atmosphere. Up to approximately 
30,000 ft, the temperature could be roughly described as ‘ISA - 15’. Above 30,000 ft, the temperature 
seems to level off at around the normal temperature of the tropopause: -56.5 ºC. Note that the spike at 
10,000 ft is caused by the shift from the QNH airport pressure setting (i.e. the barometric pressure at a 
given location, corrected to mean sea-level ISA conditions) to the standard pressure of 1013 mbar. 
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Figure 4.7 Static ambient temperature for both flights 

Environmental Control System (ECS) operation 
The ECS system was operated in normal (AUTO) mode. During both flights, several malfunctions 
occurred in the left ECS pack. Such malfunctions trigger a FAULT indication on the flight deck. In most 
cases, reset was tried, although it was necessary to reset bleed air as well on some occasions. Three 
states of ECS operation are possible: OFF, NORMAL and HIGH, with the difference between NORMAL 
and HIGH being determined by the amount of bleed air being driven through a pack. These values are 
as follows: 
 NORMAL mode: 75 lbs/min. 
 HIGH mode: 124 lbs/min. 
Above 22,000 ft, the flow is reduced due to compressibility effects. 
 
The HIGH mode is selected automatically under one of the following conditions: 
 The recirculation fan on the same side is OFF or failed. 
 The ECS pack on the opposite side is OFF. 
 The ECS packs are operated from the APU bleed air. 
 
In the test flight, the left and right ECS packs immediately switched to HIGH mode, as the recirculation 
fans were switched off, in accordance with the test plan. During taxi, however, the left recirculation fan 
was switched to ON, because the pilot was concerned about insufficient cooling of the avionics on the 
ground. During the test flight, six failures of the left ECS pack were observed. Four of these failures had 
durations of less than one minute, with the other two being of longer duration. The timing of these pack 
failures is presented in Table 4.11. 
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Table 4.11 Timing of pack failures during the test flight 

Event Begin End Duration 

Pack Failure 1 17:20:00 17:30:00 00:10:00 

Pack Failure 2 18:22:00 18:32:00 00:10:00 

 
According to the test plan, the ECS ran in full fresh-air supply (i.e. the recirculation fans were switched 
OFF) during the test flight. For the baseline test, the recirculation fans were used as during normal 
operation. This setup was chosen in order to: 
 Generate normal concentrations of contaminants during the baseline flight. 
 Generate the highest possible concentration of contaminants during the test flight. 
 
As indicated by the recorded ECS operation, this had a profound effect on ECS pack flow. When the 
recirculation fan is OFF, the corresponding pack switches from normal to high flow. This effect was 
unknown to the people involved in the test.  
 
In the normal mode, the total inflow of fresh air from both packs combined, is 150 lbs/min. The 
recirculation fans increase the total airflow to around 300 lbs/min. If the recirculation fans are OFF, the 
total inflow of fresh air from both packs combined is 248 lbs/min. This is 65% more than in the normal 
mode. 
 
The higher inflow of fresh air can affect contaminant concentrations in the cockpit and the cabin. This 
is discussed in the analysis of results. 
 
Test equipment 
Most of the online and offline measurements taken during the flight test were executed according to the 
test plan. Nevertheless, malfunctions in test equipment led to deviations during parts of the flight test. 
These malfunctions were caused by unforeseen pre-flight operations, on-board power interruptions 
and/or logistical issues. The actual test execution is presented in Tables 4.12 and 4.13, in comparison 
to the test plan for the planned online measurements and the chemical analyses (offline 
measurements), respectively. 

Table 4.12 Overview of online measurements 

Contaminant Test Plan Actual Test  
Cockpit Cabin Cockpit Cabin 

Carbon monoxide (CO) ✓ ✓ ✗ ✓ 
Carbon dioxide (CO2) ✓ ✓ ✗ ✓ 
Ozone (O3) ✓ ✓ ✗ ✓ 
Pressure ✓ ✓ ✗ ✗ 
Temperature ✓ ✓ ✗ ✓ 
Relative humidity ✓ ✓ ✗ ✓ 
Ultrafine particles (size distribution) ✗ ✓ ✗ ✓ 
Ultrafine particles (total particle number) ✓ ✓ ✓ ✓ 
Sulphur dioxide (SO2) ✗ ✓ ✗ ✓ 
Total Volatile Organic Compounds (TVOC) ✓ ✓ ✗ ✗ * 

✓ ** 
Black carbon (BC) ✓ ✓ ✓ ✓ 
Particulate matter (PM) ✓ ✓ ✗ ✓ 
eNose (metal-oxide sensor) ✗ ✓ ✗ ✓ 
Aerotracer ✓ 

Portable instrument 

 
✓ 
(fixed) 

* SIFT-MS not working 
** PID 
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4.3.5  Results and Discussion 

During the flight test, the test crew noticed a profound smell on three occasions. Two of these were 
related to the engine start in Phase 1 of the baseline flight and the test flight. During the baseline flight, 
the engines were started with a strong tailwind (around 20 kts). This produced a smell event in the 
cabin, prompting a decision to remain in that position for 5 minutes. The same was repeated on the test 
flight. The third smell event was noticed during the second prolonged ECS pack failure (Pack Failure 2) 
during the test flight. This smell notice prompted the decision to switch off the right ECS pack 
momentarily as well, in order to determine whether this would produce the same effect. No apparent 
effect was noticed after the pack was switched off for roughly one minute. 
 
The remainder of this section discusses the test results of the chemical analysis and online sensors. 
The test results from the baseline flight and the test flight are compared, as are those from the cockpit 
and the cabin. Correlations between the online measurements and the online VOC/offline TVOC 
measurements are presented as well.  
 
Excluded parameters 
Several parameters have been excluded from the discussion of the test results in this section. These 
parameters include variables relating to comfort (i.e. temperature, pressure and relative humidity). 
Furthermore, CO, CO2, O3 and SO2 have been excluded from this discussion, given that the detected 
levels were either below the limits specified in the applicable guidelines for environment or work space, 
or because they exceeded them only slightly for a short period. These parameters have nevertheless 
been included in the correlation matrix of online measurements. Finally, amines have been excluded 
from the tables in the remainder of this chapter, as no values above the limit of detection (LOD) were 
detected. 
 
Baseline flight 
The values presented in Table 4.14 are average values measured in the cabin and the cockpit during 
the baseline flight. The values have been averaged over the four flight phases according to the defined 
timing of the flight phases.  

Table 4.13 Overview of chemical analyses (offline measurements) 

Contaminant Test Plan Baseline Flight Test Flight  
Cockpit Cabin Cockpit Cabin Cockpit Cabin 

PAH/PCB 
Polycyclic Aromatic 
Hydrocarbons/ 
Polychlorinated 
Biphenyls 

✗ ✓ 
whole flight 
only 

✓ 
whole flight 
only 

✓ 
whole flight 
only 

✓ 
whole flight 
only 

✓ 
whole flight 
only 

Dioxins/Furans ✗ ✓ 
whole flight 
only 

✗ ✓ 
whole flight 
only 

✗ ✓ 
whole flight 
only 

Organophosphate 
Compounds 
(OPCs) 

✓ 
via trolley 

✓ ✗ ✓ 
whole flight 
& phases 

✓ 
whole flight 
only 

✓ 
whole flight 
& phases 

Aldehydes-
ketones 
moisturised 

✓ ✓ ✓ 
whole flight 
& phases 

✓ 
whole flight 
& phases 

✓ 
whole flight, 
phase 3&4 

✓ 
whole flight 
& phases 

Volatile Organic 
Compounds 
(VOCs) Tenax 

✓ 
via trolley 

✓ ✗ ✓ 
whole flight 
& phases 

✓ 
phases only 

✓ 
whole flight 
and phases 

Organic acids ✓ 
via trolley 

✗ ✗ ✗ ✗ ✗ 

Amines ✗ ✓ 
whole flight 
only 

✗ ✓ 
whole flight 
only 

✗ ✓ 
whole flight 
only 

Ultrafine particles 
(UFPs) chemical 
characterisation 

✗ ✓ ✗ ✓ 
whole flight 
only 

✗ ✓ 
whole flight 
only 
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Table 4.14 Average values measured in the cabin during the baseline flight 

Phase 

OPC 
 
µg/m³ 

Aldehyde 
 
µg/m³ 

VOC 
 
µg/Nm³ 

UFP 
CPC 
#/cm³ 

UFP 
Discmini 
#/cm3 

UFP 
SMPS 
#/cm3 

BC 
 
ng/m³ 

PM 
 
µg/m³ 

Phase 1 7.0 93 1,267 48,488 189,603 99,052 349 48 
Phase 2 6.7 73 481 6,380 16,441 7,588 41 24 
Phase 3 5.2 82 452 17 250 51 14 16 
Phase 4 14.3 50 557 33 35 29 2 7 

 

Table 4.15 Average values measured in the cockpit during the baseline flight 

Phase 

OPC 
 
µg/m³ 

Aldehyde 
 
µg/m³ 

VOC 
 
µg/Nm³ 

UFP 
CPC 
#/cm3 

UFP  
Discmini 
#/cm3 

BC 
 
ng/m³ 

PM 
 
µg/m³ 

Phase 1 

n.m. n.m. n.m. 

75,892 276,049 861 

n.m. 
Phase 2 1,752 729 < 
Phase 3 27 143 99 
Phase 4 63 153 25 

* n.m.: not measured 
 
For almost all parameters (with the exception of OPCs), the highest concentrations were measured in 
the cabin and the cockpit during Phase 1 of the baseline flight.  
 
Test flight 
The values presented in the tables below are average values measured in the cabin and the cockpit 
during the test flight. The values have been averaged over the four flight phases and over the provoked 
events according to the defined timing of flight phases and events. 
 

Table 4.16 Average values measured in the cabin during the test flight 

Phase 

OPC 
 
µg/m³ 

Aldehyde 
 
µg/m³ 

VOC 
 
µg/Nm³ 

UFP 
CPC 
#/cm³ 

UFP 
Discmini 
#/cm3 

UFP 
SMPS 
#/cm3 

BC 
 
ng/m³ 

PM 
 
µg/m³ 

Phase 1 9.4 72 213 45,573 36,512 19,508 572 59 
Phase 2 4.5 25 222 294 634 419 < 18 
Phase 3 8.5 24 76 49 140 85 6 18 
Phase 4 13.2 10 88 63 283 106 10 13 

 

Table 4.17 Average values measured in the cockpit during the test flight 

Phase 

OPC 
 
µg/m³ 

Aldehyde 
 
µg/m³ 

VOC 
 
µg/Nm³ 

UFP 
CPC 
#/cm3 

UFP 
Discmini 
#/cm3 

BC 
 
ng/m³ 

PM 
 
µg/m³ 

Phase 1 

n.m. 

- 457 108,696 715,976 1,417 

n.m. 
Phase 2 - 287 368 1,419 45 
Phase 3 27 212 100 753 158 
Phase 4 18 80 95 253 103 

* n.m.: not measured 
 
For almost all parameters (with the exception of OPCs), the highest concentrations were measured in 
the cabin and the cockpit during Phase 1 of the test flight. The highest concentrations of OPCs 
concentrations were measured in Phase 4. 
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Table 4.18 Average values measured in the cabin/cockpit during the provoked events and pack failures 
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Engine 
start 

6.3 103.0 26.0 7.6 n.m. n.m. 1672.4 18,485.0 175,826.4 n.m. 

ToC 
1+2 

  55.0 2.1 8.3 n.m. n.m. 195.7 137.4 1589.1 n.m. 

ToD 
1+2 

2.5 51.0 18.0 24.0 n.m. n.m. 804.8 208.7 2322.9 n.m. 

A-ICE 
1 + 2 

1.1 54.0 9.5 14.0 n.m. n.m. 190.6 83.4 266.5 n.m. 

ToC 
3+4 

< 51.0 5.6 7.0 n.m. n.m. 178.8 63.2 254.8 n.m. 

C
a

b
in

 

Engine 
start 

3.7 72.0 < 14.0 598.0 65.6 264.9 7,083.0 9,307.0 no data  

ToC 
1+2 

1.0 60.0 5.0 7.6 107.0 7.0 10.2 93.7 177.9 218.6 

ToD 
1+2 

2.4 84.0 2.5 23.0 100.0 7.2 60.3 103.0 401.7 134.1 

A-ICE 
1+2 

4.8 96.0 < 11.0 137.0 16.5 113.5 57.5 352.0 95.5 

ToC 
3+4 

< 71.0 < 7.9 139.0 13.3 196.8 129.7 371.5 108.9 

* n.m.: not measured 
 
The highest concentrations of aromates, alcohols, fragrances, BC and UFP were measured in the 
cockpit during engine start in the test flight. For aldehydes, the highest concentrations were measured 
during ToD, with similar concentrations for the cockpit and the cabin. An increase in alcohol 
concentration was also noticed during anti-icing in the cockpit and the cabin. 
 
Baseline versus test flight 
The average values over the whole flight are given for the cabin and the cockpit, respectively. When 
comparing results of the baseline flight with the test flight, higher OPC concentrations were observed 
in the cabin during the baseline flight, with higher PAH concentrations being observed in the cockpit. 
Fresh air was supplied in the cockpit during both flights. In the cabin, recirculation was on (50% 
fresh/50% recirc) during the baseline flight, with 100% fresh air being supplied during the test flight. 
Recirculation apparently led to higher OPC concentrations in the cabin than was the case for full fresh-
air supply. Given that the hypothesis is based on two measurement values, however, confirmation will 
require additional measurement campaigns. 
 
The higher PAH concentrations observed in the cockpit during the baseline flight might have been due 
to an increased inlet of engine exhaust and background from the airport under tailwind conditions. In 
addition, BC and UFP concentrations, which are often correlated to PAH concentrations, were higher 
during the baseline flight than they were during the test flight, and not the other way around.  

Table 4.19 Average values measured in the cabin during the baseline and test flights 

Flight 

PAH 
 
µg/m³ 

PCB 
 
µg/m³ 

OPC 
 
µg/m³ 

Aldehyde 
 
µg/m³ 

Dioxins/ 
Furans 
pgTEQ/m³ 

Amines 
 
µg/Nm³ 

Baseline 0.332 < 7.432 26 <0.722 < 
Test 0.424 < 2.886 26 <0.702 < 
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Table 4.20 Average values measured in the cockpit during the baseline and test flights 

Flight 
PAH 
µg/m³ 

PCB 
µg/m³ 

Aldehyde 
µg/m³ 

Baseline 0.985 < 43 
Test 0.337 < 52 

 
The average values measured in the baseline flight and test flights were also compared to their ratio 
(test flight/baseline flight). The results for the cabin and the cockpit are presented in the following tables. 
 

Table 4.21 Comparison (ratio test flight/baseline flight) of average values measured in the cabin during the baseline and 
test flights 

Phase 
OPC Aldehyde VOC PM BC UFP-

CPC 
UFP-
Discmini 

Phase 1 1.33 0.77 0.17 1.23 1.64 0.94 0.19 
Phase 2 0.68 0.34 0.46 0.75 - 0.05 0.04 
Phase 3 1.63 0.29 0.17 1.08 0.40 2.96 0.56 
Phase 4 0.92 0.20 0.16 2.03 6.23 1.91 8.15 

 

Table 4.22 Comparison (ratio test flight/baseline flight) of average values measured in the cockpit during the baseline and 
test flights 

Phase 
OPC Aldehyde VOC PM BC UFP-

CPC 
UFP-
Discmini 

Phase 1 - - - - 1.60 1.43 2.59 
Phase 2 - - - - - 0.21 1.95 
Phase 3 - 1.08 - - 1.60 3.70 5.28 
Phase 4 - 0.72 - - 4.00 1.52 1.65 

 
When comparing data from the baseline flight and the test flight, the highest ratios for PM, BC, UFP 
and OPC were observed in the cabin and the cockpit during Phases 3 and 4. The higher ratios observed 
during these phases might have been due to the fact that most events were situated within these phases 
during the test flight. 
 
In general, the concentrations of PM, BC and UFP in both the cockpit and the cabin were higher during 
the test flight than they were during the baseline flight. 
 
Cabin versus cockpit 
The average values measured in the cabin and the cockpit were compared to their ratios (cockpit/cabin) 
in the baseline and test flights. The results are presented in the tables below.  

Table 4.23 Comparison (ratio cockpit/cabin) of average values measured during the baseline flight 

Phase 
OPC Aldehyde VOC PM Amines BC UFP-

CPC 
UFP-
Discmini 

Phase 1 - 1.08 - - - 2.47 1.57 1.46 
Phase 2 - 0.56 - - - - 0.27 0.04 
Phase 3 - 0.30 - - - 7.05 1.63 0.57 
Phase 4 - 0.50 - - - 15.91 1.91 4.41 

Table 4.24 Comparison (ratio cockpit/cabin) of average values measured during the test flight 

Phase 
OPC Aldehyde VOC PM Amines BC UFP-

CPC 
UFP-
Discmini 

Phase 1 - - 2.15 - - 2.48 2.39 19.61 
Phase 2 - - 1.29 - - - 1.25 2.24 
Phase 3 - 1.13 2.79 - - 28.47 2.04 5.40 
Phase 4 - 1.80 0.91 - - 10.32 1.51 0.89 
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Because no measurements of OPC, PM or Amines were performed in the cockpit, no cockpit/cabin 
comparisons could be made for these parameters. 
 
During the baseline flight, higher concentrations for BC, UFP and VOC were measured in the cockpit 
during all phases, with the exception of UFP in Phase 2. Aldehyde levels were similar or lower in the 
cockpit than they were in the cabin during the baseline flight. 
 
During the test flight, higher concentrations were measured in the cockpit than in the cabin for all 
parameters, with the exception of VOC in Phase 4.  
 
Correlation online measurements 
Two correlation matrices were calculated for the parameters that were measured online: one for the 
whole baseline flight and one for the whole test flight. These correlation matrices are presented in the 
tables below. Before comparison, the measurement values were averaged to 1-minute values, and the 
log-values were calculated for the UFP parameters from CPC, Discmini and SMPS. 
 
Correlation coefficients greater than 0.7 are highlighted in red, and coefficients less than -0.7 are 
highlighted in green.  
 
Baseline flight  
For the baseline flight, almost perfect correlations were found in the UFP measurements taken by the 
CPC and Discmini instruments in the cockpit (0.87) and in the cabin (0.94). Strong correlations between 
these instruments were also found when comparing cockpit and cabin measurements (CPC cockpit-
cabin 0.99 and Discmini cockpit-cabin 0.79). Comparison of the SMPS data from the cabin to the data 
from CPC and Discmini in the cabin also revealed strong correlations (CPC 0.95 and Discmini 0.94). 
These high correlations were expected, as all of these instruments measure the same parameter: UFP. 
 
A moderate correlation was found between BC and UFP in the cockpit and in the cabin: BC cockpit 
(0.55) vs CPC and Discmini cockpit (0.53); BC cabin (0.61) vs CPC and Discmini cabin (0.59). There 
was a moderate correlation between BC cabin and BC cockpit (0.59). There were probably differences 
between the sources of UFP and BC. 
 
The PM4, PM2.5 and PM1 values correlated well with UFP data from SMPS (0.64–0.79) and from CPC 
(0.71–0.74). For Discmini, the correlations between UFP and PM4, PM2.5 and PM1 were slightly lower 
(0.58–0.75). 
 
The two CO sensors in the cabin both revealed strong independent correlations (0.73–0.9) with UFP, 
as measured with CPC, Discmini and SMPS (<200 nm). Comparison of the two CO sensors revealed 
a correlation of 0.74. Both CO sensors also exhibited strong correlations with altitude (-0.85 and -0.70). 
This was probably related to the high CO concentrations on the ground during engine start and the low 
concentrations in the air. 
 
The first CO sensor was also strongly correlated with the parameters SO2 (0.83), TVOC (-0.87) and RH 
(0.91). For TVOC, this correlation was probably related to the influence of pump capacity, due to 
pressure changes resulting from the increase in altitude (0.88).  
 
Ozone was weakly positively correlated with altitude (0.35). This result is related to the  
time delay between an increase in ozone concentration and an increase in altitude. 
 
A strong correlation was found for SO2 and PM fractions 1 to 4 (0.7-0.83), for SO2 and UFP (0.2-0.4), 
and for SO2 and RH (0.85). Because SO2 and TVOC exhibited good independent correlations with 
altitude, their mutual correlation was also strong (-0.73). 
 
A strong correlation was also found for RH and altitude with UFP (RH 0.77–0.91/Altitude -0.72–0.89). 
During take-off and climb, relative humidity decreased and altitude increased. This could possibly be 
explained by the decreased UFP concentration while in the air (as illustrated in the line plots). 
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Test flight 
The test flight also revealed strong correlations between the UFP measurements taken by the CPC and 
Discmini instruments measuring in the cockpit (0.91) and in the cabin (0.87). A strong correlation 
between the cockpit and cabin data from CPC (0.96) was found. Comparison of the Discmini data from 
the cockpit and the cabin revealed a moderately strong correlation (0.69). Strong correlations were also 
observed between the SMPS data from the cabin and the data from CPC (0.84) and Discmini (0.74) in 
the cabin.  
 
A moderate correlation was found between BC and UFP in the cockpit and the cabin: BC cockpit (0.54) 
vs CPC and Discmini cockpit (0.59); BC cabin (0.55) vs CPC and Discmini cabin (0.39). A strong 
correlation was also found between BC cabin and BC cockpit (0.71).  
 
The correlations between the various UFP instruments and between UFP and BC were reasonably 
similar for the baseline and test flights. During the test flight, a strong correlation was observed between 
BC (cockpit and cabin) and PM10 to PM1 (0.75–0.85). 
 
The two CO sensors were almost perfectly correlated during the test flight (0.95), probably because the 
warm-up time was sufficient before the start of the test flight. Strong correlations were found between 
the UFP measurements taken by the CPC and CO (0.69–0.78) and between the smaller fractions (<30 
nm) of the SMPS and CO (0.66–0.74). 
 
In addition, SO2 exhibited a correlation pattern similar to that of UFP-CPC (0.66–0.72) and the smaller 
fractions (<50 nm) of the SMPS (0.77–0.78). 
 
During the test flight, ozone was weak to moderately correlated with altitude (0.44).  
 
Similar to the baseline flight, RH was strongly correlated with UFP (0.71–0.90) due to the decrease in 
RH and UFP concentration with increasing altitude (correlation between RH and altitude: -0.75). 
 
The greatest differences between the baseline flight and the test flight had to do with correlations 
between UFP and temperature, TVOC or altitude. During the test flight, temperature was strongly and 
negatively correlated with UFP (-0.72 – -0.91) and a weak to moderate negative correlation was found 
between UFP and TVOC (-0.37 – -0.57), as well as between UFP and altitude (-0.36 – -0.53). During 
the baseline flight, the respective correlations were moderately negative (UFP-T), strongly negative 
(UFP-TVOC) and strongly negative (UFP-altitude). 
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Table 25 Correlation matrix of online parameters (baseline flight) 
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log10_PNC_CPC_cockpit NA 0.87 0.55 0.99 0.92 0.63 0.95 0.94 0.94 0.95 0.93 0.91 0.86 0.71 0.61 0.64 0.77 0.71 0.74 0.90 0.84 -0.33 0.79 -0.90 -0.50 0.90 0.62 -0.85 
log10_PNC_Dismini_cockpit NA NA 0.53 0.86 0.79 0.61 0.79 0.80 0.78 0.77 0.76 0.70 0.67 0.49 0.53 0.50 0.66 0.58 0.61 0.77 0.80 0.08 0.65 -0.64 -0.42 0.77 0.56 -0.75 
BC_cockpit NA NA NA 0.49 0.51 0.59 0.56 0.48 0.54 0.54 0.53 0.52 0.50 0.30 0.43 0.66 0.74 0.71 0.71 0.57 0.64 -0.07 0.50 -0.35 -0.43 0.52 0.09 -0.39 
log10_PNC_CPC_cabin NA NA NA NA 0.94 0.61 0.95 0.95 0.94 0.95 0.93 0.91 0.86 0.72 0.59 0.60 0.75 0.69 0.71 0.87 0.81 -0.34 0.77 -0.90 -0.50 0.91 0.59 -0.85 
log10_PNC_Dismini_cabin NA NA NA NA NA 0.59 0.94 0.93 0.91 0.91 0.90 0.89 0.85 0.67 0.62 0.60 0.75 0.66 0.69 0.80 0.76 -0.32 0.79 -0.80 -0.65 0.91 0.38 -0.65 
BC_cabin NA NA NA NA NA NA 0.62 0.57 0.60 0.59 0.59 0.56 0.53 0.39 0.50 0.52 0.66 0.56 0.56 0.56 0.70 -0.13 0.50 -0.44 -0.38 0.54 0.28 -0.47 
log10_PNC_SMPS_Total_cabin NA NA NA NA NA NA NA 0.98 0.99 0.99 0.97 0.95 0.91 0.78 0.61 0.65 0.77 0.74 0.77 0.87 0.82 -0.34 0.79 -0.86 -0.59 0.92 0.50 -0.74 
log10_PNC_SMPS_lt20nm_cabin NA NA NA NA NA NA NA NA 0.97 0.96 0.95 0.90 0.84 0.68 0.55 0.57 0.71 0.64 0.66 0.81 0.81 -0.31 0.84 -0.83 -0.59 0.89 0.62 -0.89 
log10_PNC_SMPS_21_30_nm_cabin NA NA NA NA NA NA NA NA NA 0.98 0.95 0.93 0.90 0.75 0.59 0.65 0.75 0.73 0.75 0.85 0.81 -0.34 0.78 -0.85 -0.58 0.90 0.49 -0.74 
log10_PNC_SMPS_31_50_nm_cabin NA NA NA NA NA NA NA NA NA NA 0.96 0.95 0.90 0.77 0.58 0.65 0.75 0.75 0.77 0.86 0.80 -0.37 0.78 -0.87 -0.56 0.90 0.49 -0.76 
log10_PNC_SMPS_51_71_nm_cabin NA NA NA NA NA NA NA NA NA NA NA 0.95 0.92 0.77 0.58 0.66 0.74 0.76 0.78 0.83 0.77 -0.33 0.75 -0.86 -0.54 0.89 0.49 -0.75 
log10_PNC_SMPS_74_98_nm_cabin NA NA NA NA NA NA NA NA NA NA NA NA 0.93 0.81 0.56 0.69 0.73 0.77 0.79 0.84 0.73 -0.41 0.77 -0.88 -0.60 0.89 0.44 -0.72 
log10_PNC_SMPS_102_195_nm_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA 0.87 0.53 0.62 0.72 0.73 0.75 0.81 0.69 -0.35 0.72 -0.84 -0.55 0.84 0.40 -0.68 
log10_PNC_SMPC_gt_200_nm_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.37 0.44 0.55 0.54 0.56 0.64 0.54 -0.44 0.63 -0.76 -0.38 0.65 0.50 -0.69 
TSP_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.43 0.71 0.45 0.46 0.56 0.49 -0.27 0.56 -0.51 -0.48 0.63 0.33 -0.45 
PM10_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.64 0.91 0.89 0.77 0.58 -0.35 0.68 -0.62 -0.62 0.74 0.29 -0.57 
PM4_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.75 0.76 0.74 0.71 -0.28 0.68 -0.62 -0.56 0.76 0.33 -0.59 
PM2dot5_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.99 0.82 0.65 -0.30 0.70 -0.67 -0.63 0.80 0.35 -0.63 
PM1_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.83 0.66 -0.30 0.71 -0.69 -0.63 0.81 0.36 -0.65 
CO_cabin_1 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.74 -0.41 0.83 -0.87 -0.62 0.91 0.66 -0.85 
CO_cabin_2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.21 0.63 -0.64 -0.36 0.69 0.67 -0.70 
O3_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.40 0.56 0.11 -0.35 -0.24 0.35 
SO2_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.73 -0.69 0.85 0.41 -0.62 
TVOC_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.43 -0.83 -0.60 0.88 
T_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.75 0.17 0.19 
RH_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.43 -0.72 
CO2_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.72 
Altitude NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
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Table 26 Correlation matrix of online parameters (test flight) 
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log10_PNC_CPC_cockpit NA 0.91 0.54 0.96 0.83 0.54 0.83 0.80 0.82 0.84 0.69 0.69 0.82 0.63 0.50 0.65 0.61 0.58 0.56 0.71 0.69 -0.12 0.66 -0.47 -0.86 0.83 0.60 -0.53 
log10_PNC_Dismini_cockpit NA NA 0.59 0.86 0.69 0.56 0.74 0.68 0.64 0.74 0.67 0.69 0.80 0.61 0.49 0.65 0.62 0.59 0.58 0.64 0.63 0.04 0.57 -0.37 -0.83 0.78 0.44 -0.32 
BC_cockpit NA NA NA 0.51 0.41 0.71 0.18 0.16 0.12 0.15 0.20 0.11 0.17 0.16 0.61 0.76 0.84 0.85 0.85 0.59 0.49 0.01 0.16 -0.19 -0.51 0.44 0.46 -0.26 
log10_PNC_CPC_cabin NA NA NA NA 0.87 0.55 0.84 0.85 0.89 0.88 0.71 0.75 0.80 0.62 0.48 0.65 0.61 0.57 0.56 0.78 0.75 -0.19 0.72 -0.50 -0.91 0.90 0.68 -0.63 
log10_PNC_Dismini_cabin NA NA NA NA NA 0.39 0.74 0.77 0.77 0.71 0.64 0.67 0.75 0.64 0.39 0.52 0.48 0.44 0.43 0.55 0.53 -0.20 0.67 -0.48 -0.81 0.78 0.52 -0.54 
BC_cabin NA NA NA NA NA NA 0.17 0.12 0.16 0.15 0.15 0.15 0.18 0.15 0.55 0.75 0.81 0.82 0.82 0.70 0.60 -0.10 0.21 -0.22 -0.52 0.48 0.61 -0.36 
log10_PNC_SMPS_Total_cabin NA NA NA NA NA NA NA 0.89 0.93 0.95 0.90 0.84 0.79 0.67 0.36 0.61 0.65 0.64 0.61 0.47 0.42 -0.18 0.72 -0.51 -0.79 0.79 0.45 -0.47 
log10_PNC_SMPS_lt20nm_cabin NA NA NA NA NA NA NA NA 0.89 0.86 0.78 0.67 0.58 0.48 0.46 0.66 0.64 0.61 0.58 0.66 0.73 -0.20 0.78 -0.44 -0.85 0.85 0.55 -0.53 
log10_PNC_SMPS_21_30_nm_cabin NA NA NA NA NA NA NA NA NA 0.87 0.85 0.72 0.65 0.51 0.33 0.56 0.62 0.62 0.60 0.69 0.74 -0.29 0.78 -0.45 -0.83 0.81 0.62 -0.58 
log10_PNC_SMPS_31_50_nm_cabin NA NA NA NA NA NA NA NA NA NA 0.92 0.85 0.76 0.60 0.39 0.64 0.67 0.66 0.62 0.60 0.68 -0.16 0.77 -0.57 -0.83 0.83 0.53 -0.53 
log10_PNC_SMPS_51_71_nm_cabin NA NA NA NA NA NA NA NA NA NA NA 0.83 0.73 0.50 0.33 0.59 0.60 0.59 0.56 0.29 0.24 -0.04 0.60 -0.50 -0.68 0.71 0.28 -0.38 
log10_PNC_SMPS_74_98_nm_cabin NA NA NA NA NA NA NA NA NA NA NA NA 0.81 0.68 0.39 0.60 0.61 0.60 0.57 0.35 0.30 -0.09 0.62 -0.50 -0.72 0.72 0.28 -0.36 
log10_PNC_SMPS_102_195_nm_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA 0.79 0.31 0.56 0.65 0.66 0.63 0.29 0.33 -0.05 0.52 -0.34 -0.68 0.62 0.17 -0.18 
log10_PNC_SMPC_gt_200_nm_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.16 0.34 0.49 0.52 0.51 0.28 0.25 -0.25 0.37 -0.32 -0.55 0.45 0.15 -0.12 
TSP_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.84 0.76 0.73 0.71 0.45 0.30 -0.04 0.30 -0.32 -0.50 0.51 0.43 -0.35 
PM10_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.95 0.93 0.91 0.61 0.46 -0.07 0.33 -0.40 -0.67 0.67 0.66 -0.47 
PM4_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 1.00 0.99 0.62 0.46 -0.08 0.23 -0.34 -0.62 0.61 0.74 -0.44 
PM2dot5_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 1.00 0.61 0.45 -0.08 0.20 -0.31 -0.58 0.56 0.75 -0.41 
PM1_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.62 0.45 -0.08 0.19 -0.30 -0.55 0.54 0.74 -0.40 
CO_cabin_1 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.95 -0.31 0.51 -0.42 -0.72 0.69 0.83 -0.66 
CO_cabin_2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.22 0.51 -0.37 -0.67 0.64 0.76 -0.58 
O3_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.25 0.35 0.26 -0.22 -0.40 0.44 
SO2_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.49 -0.72 0.74 0.56 -0.61 
TVOC_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.57 -0.61 -0.50 0.68 
T_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.96 -0.64 0.64 
RH_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 0.68 -0.75 
CO2_cabin NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA -0.80 
Altitude NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
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Correlation between online VOC and offline TVOC 
The only parameter that was measured both online and offline was VOC. The online data were 
averaged over the corresponding sampling time for the offline analysis. A scatter plot with a trend line 
is displayed below. Data from the baseline flight and from the test flight were correlated separately. The 
correlations for both flights were strong: -0.75 (baseline flight) and -0.73 (test flight). It should 
nevertheless be noted that the correlation plot indicates a strong correlation between TVOC and altitude 
(0.87), thus suggesting a possible pressure effect. 
 

 

Figure 4.8 Correlation plot of online TVOC and offline VOC measurements 

4.3.6  Conclusions and recommendations 

Although the provocation of events was executed according to the test plan, it did not necessarily result 
in a smell event and/or it could not directly be related to increased concentrations. Most of the analyses 
revealed no such evidence. The few events that were identified were revealed only in the ultrafine 
particles. Furthermore, the ECS configuration on the test flight influenced the concentration levels 
between baseline and the test flight. 
 
In the flight test, three smell events were provoked and measured on board the aircraft: 

1) Baseline flight: smell event during engine start with tailwind 
2) Test flight: smell event during engine start with tailwind 
3) Test flight: smell event during the second sequence of pack failures in the Environmental 

Control System (ECS) 
 
The main outcomes of the flight test are: 
 The smell events during engine start with tailwind and during the second sequence of pack failures 

resulted in some increase in concentration. Increased concentrations of total volatile organic 
compounds (TVOC), propylene glycol, SO2, ultrafine particles (UFP), black carbon (BC) and particle 
matter (PM) were observed during engine start. Increased concentrations of aldehydes, alcohols, 
tetrahydrofurans (THF), toluene, ketones, UFP and BC were observed during pack failure. 

 The major contributor to TVOC was propylene glycol. Although the Guide Values I and II of the 
Umweltbundesamt (UBA = German Environment Agency, one of their committees (IRK) sets  indoor 
air guideline values for Germany) were exceeded in a few instances, the canister EPA-TO15 
method detected hardly any propylene glycol. 
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 Concentrations of CO, O3 and SO2 were below guideline values specified by the World Health 
Organization (WHO) and the Federal Aviation Administration (FAA). 

 Despite the use of TCP-free Turbonycoil, tri-m/p-cresyl isomers were detected in cabin and cockpit 
air, as well as in galley filters. 

 No mono-, di- or tri-ortho isomers of TCP were observed.  
 The composition of the m/p isomers in all galley filters showed similar patterns, but were completely 

different from the patterns observed for typical brands of engine oil. 
 Given the use of Turbonycoil (TCP-free oil), it is necessary to take other sources in or around the 

aircraft into account.  
 
It should be mentioned that not all sensors were operational during the flights, but that valuable results 
were nevertheless obtained. These results are summarised below, categorised into offline and online 
measurements.  
 
Offline measurements 

 During the entire flight, UFP was sampled twice on a grid and characterised using transmission 
electron microscopy (TEM). The UFP particles observed during the baseline flight were smaller 
(20–400 nm) than those sampled during the test flight (30–1000 nm). Energy dispersive X-ray 
spectroscopy (EDX) analysis indicated the presence of soot particles. For metallic UFP in the 
baseline flight, the following elements were predominantly present (in descending order): 
aluminium, sulphur, titanium, iron, nickel and calcium. For the test flight, the following were 
predominantly present: sulphur, calcium, aluminium, iron, titanium and potassium. Some UFP 
consisted of a metallic core with localised regions consisting of a mix of several metallic 
elements. This composition corresponds to a soft magnetic material, which might have been 
used in glues or in the coating of the engine. 

 The results of the OPC measurements indicated high concentrations of tri-n-butyl phosphate 
(TBP) in the range of 1.9–12 µg/m3. The highest concentrations of TBP were measured during 
descent and landing, for both the baseline flight and the test flight. In all OPC measurements, 
TBP covered at least 51% and at most 90% of the total measured sum concentration of OPCs. 
It is used primarily as an additive in hydraulic fluids. Triphenyl phosphate (TPhP), which is used 
as an additive in Turbonycoil, was measured in a concentration range of 0.003–0.019 µg/m3 in 
cockpit and cabin air for all flight phases during the baseline flight and the test flight. In addition, 
butyl diphenyl phosphate (BDPP) and dibutyl phenyl phosphate (DBPP)—OPCs that are 
typically used in hydraulic oil—were measured in all flight phases. DBPP concentrations 
measured were in the range between 0.102-0.240 µg/m3 and BDPP concentrations were found 
in the range between 0.002-0.005 µg/m3. No huge differences in concentrations of BDPP and 
DBPP were observed during baseline and test flight. T(m,m,m)CP was measured in all flight 
phases in a concentration range of 0.002 – 0.011 µg/m3. Forn the test flight during take-off and 
climb low concentrations of T(m,m,p)CP and T(m,p,p)CP were measured in the range between 
0.018 – 0.033 µg/m3. Taken into account that Turbonycoil does not contains TCPs, it can be 
concluded that low concentrations of m and p isomers from TCP originate from other sources 
than the oil itself.  

 TCP content was analysed in new and used Turbonycoil, which was tapped from the aircraft 
between the baseline and the test flight. No TCP isomers were detected in the new and 
tapped used oil. 

 The semi-volatile PAH concentration measured (representative of the average value measured 
over the entire baseline and test flight) was low for both cabin and cockpit. Concentrations 
measured were in the range between 0.332-0.985 µg/m3. The contribution of naphthalene to 
the total sum concentration of semi-volatile PAH’s is in all cases more than 88%. For those 
semi-volatile compounds for which indoor air or workplace limits are established, it is observed 
that all concentrations measured were below these limit values. No detectable concentrations 
of the particle bound PAH measured (representative of the average value measured over the 
entire baseline and test flight) were found for both cabin and cockpit. No detectable 
concentrations of WHO PCB’s and dioxins were measured (representative of the average value 
measured over the entire baseline and test flight) for both cabin and cockpit  

 Formaldehyde, acetaldehyde, acetone, n-butyraldehyde and m-tolualdehyde occurred 
predominantly as major carbonyl compounds in all flight phases. The highest concentration of 
these compounds was measured during taxi-out. 
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 All VOC concentrations measured during events were low relative to indoor air values and 
workplace limits. 

 The concentrations of VOCs measured with the canister during the various events did not follow 
any clear pattern. The aromatics and alcohol concentrations during taxi-out (Event 1) were 
higher than they were in the other events. Concentrations of aldehydes/ketones were relatively 
high during one of the other events. 

 The major contributors to the TVOC values on both the baseline flight and the test flight were 
the concentrations of propylene glycol, alcohols, organic acids and ketones. During the 
additional smell event at the end of the test flight, a distinct increase in alcohols was observed. 
Other compounds with increased concentrations were THF, toluene and ketones. This 
undefined smell perceived by people present on board may have been caused by several pack 
failures that occurred during the test flight. 

 
Online measurements 

 Concentrations of CO increased from 0.7 ppm up to 3.3 ppm during engine start in the baseline 
flight and the test flight. The short-term and long-term WHO guidelines and Indicative 
Occupational Exposure Limit Values (IOELV) for CO were not exceeded during the flights. No 
increase in CO concentration was measured during the provoked events. 

 The measured O3 concentration followed flight altitude with some delay in time. The highest 
ozone concentration (112 ppb) was measured at the highest flight altitude. This value did not 
exceed the FAA peak concentration of 250 ppb in the cabin. The most rigid value of 40 ppb for 
indoor air for an eight-hour time weighted average (TWA) concentration was also not exceeded. 
No ozone peak concentrations were measured during the provoked events. 

 A peak SO2 concentration up to 4.7 ppb was measured during engine start in the test flight. No 
workplace limit values or WHO guideline values were exceeded. No increased SO2 
concentrations were measured during the events. 

 Compared to average UFP number concentrations in indoor offices (~5000 pt/cm3), increased 
UFP number concentrations were measured in the cockpit and the cabin under tailwind 
conditions (maximum concentration in the cockpit was higher by a factor of 2600) , engine start 
(maximum cockpit concentration was higher by a factor of 620), take-off (maximum 
concentration in the cabinwas higher by a factor of 32) and pack failure 2 (maximum 
concentration in the cockpit was higher by a factor of 52). Increased UFP concentrations were 
also measured in the cockpit during top of descent (ToD) 1 (maximum concentration in the 
cockpit was higher by a factor of 2), but not in the cabin. In general, the UFP number 
concentrations were higher when the aircraft was on the ground than when it was in flight mode. 
During the baseline and test flights, higher UFP concentrations were generally observed in the 
cockpit than in the cabin, except for during take-off for the baseline flight. One explanation could 
have to do with differences in the ventilation settings of the cockpit and the cabin. On B757 
aircraft, the cockpit always has a full fresh-air supply under normal operating conditions. For 
the cabin, the ventilation settings of the baseline flight differed from those of the test flight. 
Recirculation was on (50% fresh air, 50% recirculation) during the baseline flight and off (100% 
fresh air) during the test flight. Although the same UFP differences between the cockpit and the 
cabin were expected to occur during the test flight, the cockpit and the cabin had differing 
filtering/air inlets, resulting in differences in concentration levels. 

 The UFP size distribution was measured in the cabin. At the highest UFP concentrations during 
tailwind conditions, engine start and take-off, the mode of these particles was smaller than 17 
nm. Increased UFP concentrations were also measured during pack failure 2, with the bimodal 
size distribution having a first peak smaller than 17 nm and a second peak around 170–190 
nm. This bimodality suggests the presence of two different emission sources. It was unclear 
whether these second-mode particles were combustion particles, oil particles or nucleating 
volatile organic compounds. A simulation of pack failure could be helpful for investigating this 
situation in greater detail and identifying the origin of the increased UFP levels. Future 
measurement campaigns should include Scanning Mobility Particle Sizer (SMPS) 
measurements in the cockpit, as the highest UFP concentrations were measured at this position 
in the aircraft. 

 During engine start, increased PM concentrations (0.3–20 µm) were found in the cabin. These 
concentrations were higher when the aircraft was on the ground than they were in flight mode. 
The increased PM concentrations on the ground most likely originated from intruding outdoor 
contamination from the airport, engine start and take-off. No increased PM concentrations were 
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measured during events. Limit values for PM for outdoor, workplace and indoor environments 
were not exceeded. 

 The highest BC concentrations were measured during tailwind conditions, engine start and 
take-off. Increased BC concentrations were found in the cockpit during ToD 1. Slightly 
increased BC concentrations were found in the cockpit and the cabin for the two pack failures. 
Higher BC concentrations were measured in the cockpit than in the cabin. 

 No conclusions can be drawn concerning any possible impact from the events on TVOC, as 
the TVOC levels followed the pattern of the flight altitude. The pack failures at the end of the 
test flight might have caused the greatest impact on TVOC concentration. 

 
Based on the data obtained from the flight test, the following recommendations have been formulated 
for use in further research during the FACTS project: 

 The composition of the air measured during this flight test at different engine settings and under 
different environmental conditions should be compared and confirmed by the results from the 
planned BACS (bleed air contamination simulator) experiment and the engine test. 

 The CO2 measurements taken during the flight test do not allow any conclusions concerning 
whether the elevated CO2 levels relative to the number of people on board were indeed caused 
by the occupants or by a source originating from the air supply passing through the engine. In 
the BACS experiment, it would be advisable to verify whether the engine itself is a source of 
CO2. 

 PAHs, PCBs and dioxins were included within the context of the broad air-quality screening in 
order to determine whether these groups of substances form an important part of the total air 
quality on board of aircraft. Given that hardly any of these components were found, it is 
advisable not to include these groups in the in-flight CAQ measurements. 

 
The execution of the flight test also generated several recommendations regarding instrumentation: 

 Alternative sampling methods should be considered that are not negatively influenced by the 
electrostatic charging of Transmission Electron Microscopy (TEM) grid. 

 Mobile and easy-to-use UFP instruments should be placed in some aircraft (preferably in the 
cockpit) for long-term monitoring, in order to generate more insight into crew exposure to UFP. 
During the flight, the UFP parameter appeared to have the highest increases in concentration 
levels of all parameters measured in this campaign. 

 Besides UFP, long term monitoring of BC with mobile and easy to use instruments, would be 
an additional value as BC mass concentration was also found to increase during engine start, 
tailwind, and pack failures.  

 Equipment for measuring organic acids should be installed. 
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5 Exposure monitoring: Flight Test 2 (Task 2) 

5.1 Summary report, ‘’Detailed Test Plan Flight test 2’’: ( Sub-task 2.3) 

5.2 Reading guide 

Two separate confidential reports are available for this sub-deliverable.  
 FACTS-D3-T2.3 Detailed Test Plan Flight Test 2. 
 FACTS-D7-T2.3 Flight Test 2 Report. 
 
An extended summary of these two reports is presented in paragraphs 5.2 and 5.3.   

5.2.1 Introduction 

The Detailed Test Plan for Flight Test 2 describes the procedure of cabin air quality measurements. 
The test was performed on board of a long range twin-aisle test aircraft on the ground as part of the 
FACTS project. The test was performed as a substitute test after the planned flight test was aborted 
due to a critical system error.  
The aircraft was fitted with high-bypass turbofan engines (>300 kN maximum thrust). The engine in 
position 2 was configured without any engine modifications to minimize risk of oil pollution in the gas 
path of the engine. 
The engine was used to generate a deliberate and artificially generated oil odour event by a method 
that was created for this exact purpose and that is not normally utilized during aircraft operations. The 
artifical oil odour was provoked by extensive dry cranking.  

5.2.2 Objectives and scope 

 
An important part of the research involved flight testing. It was decided not to conduct any tests on 
board regular commercial flights. The ground test was planned short term and performed as a 
substitute test only after the original planned flight test 2 was aborted due to a critical system error. 
The test as being described in this plan is a modified ground test involving a long range twin-aisle test 
aircraft. The objective of this test is to record cabin air compounds and contamination, in addition to 
identifiying their origin during an artificially created oil odour occurrence. Within the framework of this 
research project special air-analysis devices and methods were applied.  
 
The overall objective of the test  is to obtain two sets of measurement data: 
1) A ground test under normal baseline conditions. 
2) A ground test including a provoked engine oil fume in cockpit and cabin. 
 
The availability of two sets of data will allow comparisons between the different operating conditions 
and their effects on CAQ. 

5.2.3 Methodology 

In designing the test plan multipel points were considered. The main objective of this test was the 
recording of cabin and cockpit air quality during a deliberate and artificially generated oil odour event. 
This is to be achieved by a method that was created for this exact purpose and is not utilized during 
normal aircraft operations. During the ground test, sampling in cockpit and cabin is planned both during 
the so called baseline and the oil event contamination conditions. The baseline condition is defined as 
the normal pollution during aircraft movement on ground under normal operating conditions. The event 
condition is to be understood as the situation on ground with the artificially generated pollution of the 
bleed air system by manipulation of one engine. The background environmental contamination is 
considered constant during both measurements.  
The recirculation fans will be off during the whole ground test period, therefore the supplied air consisted 
completely from incoming conditioned bleed air. This ensures that all measurement devices can capture 
the same artificial oil contamination independent of their position.  
 
The test profile resembles the layout of a modified normal engine run. The difference between the test 
run and a normal run hast to do with the application abnormally long dry cranking procedures.  
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Before the tests and before any engine start/crank, the following actions are to be performed on the 
selected test engine 2: 

 Ensure that no engine run had taken place in the eight (8) hours before the test. 
 Check the oil level and refill to the maximum level. 

 
The following test initiation is to be performed at the parking position:  

 Switch on all online measurement devices before starting the APU. Ensure that the MSAR 
(Mass Spectrometer Analysis Rack) is run at least four (4) hours before the first planned 
measurement period. 

 Start the engines.  
 
The following test profile is to be performed after the initiation (Table 5.1). Short term changes are 
possible depending on crew informations and assessments.  

Table 5.1: Test profile for the engine run 

Test sequence Duration Information 

Push Back 2 minutes (or ‘typical’ duration)  

Taxi to Test Area 20 minutes  

Baseline  ~10 minutes Typical engine run profile 

Dry Cranking 1  ~ 120 sec  Perform dry cranking sequence  

Event 1  ~10 minutes Typical engine run profile 

Cool Down Engines ‘typical’ duration Wait for stabilised conditions.  

Dry Cranking 2  ~ 240 sec  Perform dry cranking sequence  

Event 2  ~20 minutes Typical engine run profile 

Taxi to Gate ~ 20 minutes  

 
After the tests, oil level of the test engine is checked. 
 
Aircraft configuration pertinent to the test  
Several details of the aircraft configuration could be pertinent to the test. The following configuration 
was selected for the baseline and contamination periods, in order to ensure the following test goals:  
 
1) The maximum concentration of contaminants from the manipulated engine in the cabin. 
2) The same concentration of all contaminants in all areas of the cabin. 
 
An important setting is that the recirculation fans are off during the whole ground test period. Therefore 
the supplied air consisted completely from incoming conditioned bleed air. This ensures that all 
measurement devices can capture the same artificial oil contamination independent of their position. 
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Table 5.2: Ground test configuration 

Aircraft Parameter Configuration 

Engine bleed 1 OFF 

Engine bleed 2 ON 

APU bleed OFF 

Pack 1 OFF 

Pack 2 ON 

Cockpit temperature selected as convenient but constant throughout the whole 
test 

Cabin temperature selected as convenient but constant throughout the whole 
test 

Hot air 1 & 2 selected OFF / OFF 

Cargo cooling OFF 

Wing anti-icing OFF 

Recirculation fans OFF 

RAM Air P/B OFF 
 
Applied contamination method on ground 
To achieve the goal of inducing a deliberate oil contamination of the bleed system and a noticeable 
smell inside the cabin, a contamination method is to be applied on the ground.   
This artificially method that was created for this exact purpose is not utilized during normal aircraft 
operations from airlines. The applied dry cranking method is distinctly longer than allowed in a standard 
engine usage.  
The following method was retained in order to provoke oil leakage from the bearing compartment into 
the compressor, with subsequent oil odour in cabin. 

Cranking method, perform a long dry crank for a cold engine for the selected duration:  

 Using APU bleed, crank the engine up to 30% of core spool crank speed. Record t0 (time 
of crank initiation). 

 Crank to an abnormally longer ‘normal’ dry crank procedure and allow to run down to an 
indicated core spool speed of zero (0). 

 Start engine to normal procedure, just after indicated core spool  speed has reached zero 
(0).  

5.2.4 Instrumentation 

The contaminants to be measured have been selected based on the outcome of previous tests, 
available instrumentation, and the possibilities to perform the test on board (like available space and 
power). Starting point is to allow a maximum amount of the available instrumentation to be used during 
the tests, although this may be restricted due to technical or safety regulations. 
 
Online Measurements 
Various contaminants and environmental parameters will be measured. Environmental parameters 
such as temperature and pressure will be measured as well. Table 5.3 provides a brief overview of the 
online instrumentation in both cockpit and cabin. A detailed overview of the instrumentation involved is 
provided in Table 5.4. 
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Table 5.3 Overview of devices installed   

Contaminant Cockpit Cabin 

CO ✗ ✗ 

CO2 ✗ ✗ 

O3 ✗ ✗ 

Pressure ✓ ✓ 
Temperature ✓ ✓ 
Relative Humidity ✗ ✗ 
Ultra-Fine Particle (size distribution) ✗ ✓  
Ultra-Fine Particle (total particle number) ✗ ✓  
Black Carbon (BC) ✓ ✓ 
Total Volatile Organic Compounds (TVOC) ✗ ✓ 
Particulate Matter (PM) ✗ ✓ 
Aerotracer ✓ 

Portable instrument but 
intended to be firmly 

installed in Cockpit and 
Cabin 

 
The differences between the sensor suites selected for the cockpit and the cabin are due to various 
considerations, including space and power restrictions. Because the cockpit must always provide a safe 
working environment for the test pilots and test crew, it cannot accommodate a lot of bulky 
instrumentation. A fixed installation of the two Aerotracers is to be applied, one in the cockpit and the 
other one in the cabin, directly connected to the trim line. The similar RAID-M device will measure air 
from the cabin air supply.  

 Table 5.4 Online test instrumentation 

Instrument 

Number 

Contaminant/ 

parameter 

Provider Sensor type Measurement 

range 

Typical 

sampling 

duration 

[mm:ss.s] 

Total 

volume 

needed per 

min [L] 

Cabin 

[SE01] Aerotracer (with 

Pressure) 

Aerotracer 

(Airbus) 

Comprising 

hybrid sensor 

array including a 

IMS 

n/a ~01:00 1 

[SE03] GDA (with 

Pressure) 

GDA (Airbus) Comprising 

hybrid sensor 

array including a 

IMS 

n/a ~01:00 1 

[SE04] VOC MSAR (Airbus) PTR-TOF ppb - ppm 01:00 0.5 

[SE05] RAID-M (with 

Pressure) 

RAID-M (Airbus) IMS n/a ~02:00 1 

[SE06] CAQS Alpha Prime CAQS (PALL)     

[SE07] UFP – size EEPS 3090 (TSI) Particle 

spectrometer 

5.6 - 560 nm 10 Hz 10 

[SE08] UFP – size Partector2 (Airbus) Dual non-

contact 

detection stages 

10 - 300 nm 00:01  
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[SE09] Black Carbon Micro 

Aethalometer 

(VITO) 

LED 0 - 1mg/m³ 01:00 0.15 

[SE11] PM MiniWRAS 

(Airbus)  

Optical light 

scattering & 

Electrical: 

electrical 

mobility 

spectrometer 

10 nm – 35 µm  1.2 

       

Cockpit 

[SE02] Aerotracer (with 

Pressure) 

Aerotracer 

(Airbus) 

Comprising 

hybrid sensor 

array including a 

IMS 

n/a ~01:00 1 

[SE10] Black Carbon MicroAeth (VITO) LED 0-1mg/m³ 01:00 0.15 

       

  
The objective of the ground test is to determine the contamination pattern that is direct consequence of 
the contamination of incoming fresh air from the air supply system. Due to mixing effects in the cabin 
we reasonably expect that the concentration of the contaminants will be lower when measured in the 
cabin than directly at the air outlets. In order to increase the chance for detection, it is recommended to 
measure the supply air. This equivalently avoids contaminants contributed from cabin sources. 
The sensors and samplers will be located in the following way. 
 
Cockpit: 

 The black carbon particle sampler is positioned in the open air on the right hand rear side.  
 The offline samplers are located on the left hand rear side behind the 1st seat. The inlets are 

connected with a hose to an air outlet.  
 AT installed with a hose conducting air from outlet towards Aerotracer. 

Cabin: 
 Sensors and samplers positioned near an air supply and connected with hoses.  
 The particle sampler is positioned in the open air on a seat side in the open air. 
 Sensors and samplers will be positioned depending on avaible space where they can be fixed 

for unwanted lateral movement.  
 
Offline measurements 
In addition to the online measurements, parallel samples were taken for offline analysis in the 
laboratories. Table 5.1 shows detailed information regarding the phases of the engine run considered 
during the offline sampling. 
Table 5.5 shows the offline sampling plan as applied during the engine run. Samples for Volatile Organic 
Compunds (VOC’s) Tenax, Very Volatile Organic Compunds (VVOC’s), Aldehydes-ketones, 
Organophosphates (OP’s) and GC-Olfactometry (GC_Olf) are to be taken. The dry-cranking procedure 
for a cold engine should be performed twice with different durations. The applied method for the induced 
artificial oil contamination event is the dry-cranking method and is described in section 5.2.3. 
 
For the test sampling it is planned to obtain a reference during the so called baseline, defined as the 
normal pollution during aircraft movement on ground under normal operating conditions. The 
contamination event is to be understood as the situation on ground with the artificially generated 
pollution of the bleed air system by manipulation of one engine. The background environmental 
contamination is considered constant during both measurements. The contamination event consists of  
two separate contamination events during the hot runs preceded each by an abnormally long dry 
cranking with different lengths. Samples taken for purposed of detecting contamination are to be paused 
to cover only the time of odours occurring after the cranking procedures. For this reason, both the 
maximum values for the contamination that occurred should be covered, thereby maximising the 
contaminant concentration captured by the samples. 
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Blank samples are to be taken for all offline samples, in order to account for contamination during 
transport and storage.  
 

Table 5.5: Offline samples for the engine run 

  
 

Compound 
Volumetric 
flow rate 

[l/min] 

Sample number 

Test Flight Phase 

Taxi 
Base 
Line 

Dry-
Cranking 

Hot Run 
Cool 
Down 

Dry-
Cranking 

Hot Run Taxi 

20 
min 

10 
min 

120 sec 11 min 
20 min 

240 sec 19 min 
20 

min 
 Cabin Pumps 

VOC’s 
Tenax 

0.1 [OF01] 
A + B + C 

 
[OF02] 

A + B + C 
Pause 

[OF02] 
A + B + C 

 

VVOC’s 0.1 [OF03] 
A + B 

 
[OF04] 
A + B 

Pause 
[OF04] 
A + B 

 

Aldehydes-
ketones 

1.0 [OF05] 
A + B 

 
[OF06] 
A + B 

Pause 
[OF06] 
A + B 

 

OP’s 2.5 
[OF07] 
A + B 

 
[OF08] 
A + B 

Pause 
[OF08] 
A + B 

 

GC-Olf 0.1 [OF09] 
A + B 

 
[OF10] 
A + B 

Pause 
[OF10] 
A + B 

 

 Cockpit Pumps 
VOC’s 
Tenax 

0.1 [OF11] 
A + B 

 
[OF12] 
A + B 

Pause 
[OF12] 
A + B 

 

VVOC’s 0. 
[OF13] 

A 
 

[OF14] 
A 

Pause 
[OF14] 

A 
 

Aldehydes-
ketones 

1.0 [OF15] 
A 

 
[OF16] 

A 
Pause 

[OF16] 
A 

 

OP’s 2.5 [OF17] 
A + B + C 

 
[OF18] 

A + B + C 
Pause 

[OF18] 
A + B + C 

 

GC-Olf 0.1 [OF19] 
A  

 
[OF20] 

A  
Pause 

[OF20] 
A 

 

Note: A+B / A+B+C refers to two/three parallel samples  
 

5.3  Summary report,’’ Flight Test 2’’: (Sub-task 2.3) 

5.3.1 Introduction 

 
The Flight Test 2 report provides the results of cabin air quality measurements performed on board of 
a long range twin-aisle test aircraft on the ground as part of the FACTS project. The ground test was 
planned short term and performed as a substitute test only after the original planned flight test 2 was 
aborted due to a critical system error. The objective of this modified engine run test is to record cabin 
and cockpit air compounds and contamination, in addition to identifying their origin during an artificial 
created oil odour occurrence, using special air-analysis devices and methods within the framework of 
this research project. The contamination was to be achieved by an artificially method that was created 
for this exact purpose and is not utilized during normal aircraft operations from airlines.  
 
The test was performed on 30 August 2019 and in the months that followed sample analysis were 
performed in various laboratories of the partner organizations. A strong smell (or odour) event was 
observed during the test by all participating specialist, operating aircraft crew and an EASA 
representative. During the whole ground test, 16 persons were on board.SC observers were not present 
during the ground test.  
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5.3.2 Objectives and scope 

The ultimate objective of this test was the recording of cabin and cockpit air quality during a deliberate 
and artificially generated oil odour event. This was to be achieved by a method that was created for this 
exact purpose and is not utilized during normal aircraft operations. The ground test sampling was 
performed during so called baseline and during the oil contamination event. The baseline condition is 
defined as the normal pollution during aircraft movement on ground under normal operating conditions. 
The oil contamination event  is to be understood as the situation on ground with the artificially generated 
pollution of the bleed air system by manipulation of one engine. The background environmental 
contamination is considered constant during both measurements.  
The test profile resembles closely the layout of a normal engine run. The difference lies in the application 
of two abnormally long dry cranking procedures of 120 sec and 240 sec to create the two artificial oil 
odour events.  
 
The goal of the ground test was to produce an oil smell in the cabin due to contamination of the bleed 
system.  
 
As a measure of success, the following conditions were proposed.  

 75% (for this test this represents 12 people) of all on-board personnel perceive an oil smell 
during the contaminated flight. For the test a total number of 16 people were on board (who 
consisted of the participating specialist, the operating aircraft crew and an observing EASA 
representative). 

 The Aerotracer  displays a clear ‘Engine Oil’ signal. 
 Afterwards, the offline measurements also confirm the existence of oil markers during the 

contamination at a level different from the previous reference baseline.  

5.3.3 Methodology 

For this test a long range twin-aisle test aircraft served as test bed during a modified engine run on 
ground.  
The aircraft under test was fitted with high-bypass turbofan engines (>300 kN maximum thrust). The 
engine in position 2 was configured without any engine modifications to minimize risk of oil pollution in 
the gas path of the engine and was used to provoke an artificial oil odour by extensive abnormally long 
dry cranking.  
An important setting is that the recirculation fans were off during the whole ground test period. Therefore 
the supplied air consisted completely from incoming conditioned bleed air. This ensured that all 
measurement devices could capture the same artificial oil contamination independent of their position. 
 
Bleed and pack controller status during test period 
Figure 5.1 shows graphically the general status of the relevant bleed valves and of the two packs during 
the test period of the ground test. These are represented due to a Boolean value with one representing 
open and zero closed. 
 
The bleed push button for only the engine 2 was activated during the whole test period, as visible from 
the dotted red curve. For the ground test phases the bleed air was supplied by the chosen right-handed 
engine 2 according to the engine Pressure Regulating Valve (PRV) of the green curves.  
During the idle-phases of the engines the APU air supply was used as shown from the first blue curve. 
This was in combination with an opened cross bleed valve. The two periods were from 12:44:21 to 
13:00:35 and from 13:21:52 to 13:29:41 UTC.  
The last blue curves confirm that the left-handed pack 1 was turned off the whole time, while the right-
handed pack 2 was turned on during the relevant test periods with turned on engine bleed.  
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Figure 5.1: Status of the relevant bleed and pack valves  

Engine speeds and valves 
The course of the engine throttle resolver angle from the speed throttle leavers in the cockpit is 
presented in Figure 5.2. At 12:36 and 13:12 the high power runs with an increased engine speed were 
performed.  
Also visible are the Boolean status signals for the engine starter air valves. These are used to start the 
engine during turn on and provide compressed air used for the dry cranking of the engine 2.  
Furthermore the two engine High Pressure Valves (HPV) are shown. These indicate that during the 
periods, in which engine bleed was used, the air was supplied by the valve from the high pressure 
compressor. As shown, the supply switched to the intermediate pressure valve only for a short time 
during the first high power run, due to the closure of the HPV (represented by a Boolean value of 0) at 
that time. The second longer high power run at 13:12 UTC was longer, and it induced a quick change 
between high and intermediate pressure supply back and forth, due to the quick changes in the throttle 
leaver angle.  
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Figure 5.2: Engine throttle angle, with starter and bleed air supply valve positions 

 
Overview of test execution 
During the engine run on the ground, the weather was sunny, with only a light wind speed and high 
maximum outside temperatures up to 38°C. Because the test area for the engine run was used by other 
aircraft in the vicinity as well, exhaust fumes may have reached the aircraft air intakes of the engines 
and/or the APU.  
The actual duration of the whole ground test is displayed in Table 5.6 based on time stamps as recorded 
by the on-board crew and on the logged aircraft data presented, Table 5.6 provides detailed information 
of the test sequences.  
 
The difference in the abnormally long dry cranking durations was chosen, as the perceived oil 
contamination during the first event was low and therefore a repeated second longer dry cranking was 
performed to increase the artificial contamination.  
The inclusion of the taxi phase back to parking during the second part of the contamination event was 
due to the further test schedule of the aircraft. The event smell was still perceptible on board while 
offline sampling was performed during the second event..  
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Table 5.6: Time stamps for the profile phases of the ground test  

Time Duration Detailed test sequence Measurement Phase 

11:41:30 - APU on  

11:47- 11:49 ~2 minutes  Push Back  

11:50 - Waiting Position  

11:51:07 - Engine 1 Start  

11:52:58 - Engine 2 Start  

12:00 - Samples On 
Baseline Offline 
Samples (30 minutes) 

12:05– 12:12 ~7 minutes Taxi to Test Area 

12:30 - Samples Stop 

12:36:10– 12:38:30 ~ 2 minutes 
Engine 2 High Power Run with 
bleed supply shifting to the 
Intermediate Pressure Valve 

 

12:44 - 
Engine 2 Off, and switch to APU 
bleed 

 

12:53:58 – 12:55:43 
~ 160 
seconds 

Engine 2 Dry Cranking  

12:58:54  Engine 2 including Bleed On   

13:00– 13:11 11 minutes Samples On & Pause 
Contamination I Offline 
Samples (11 minutes) 

13:12:41– 13:16:37 ~4 minutes 
Engine 2 High Power Run with 
bleed supply shifting to the 
Intermediate Pressure Valve 

 

13:21:55  
Engine 2 Off and switch to APU 
bleed 

 

13:23:29– 13:27:23 
~ 234 
seconds 

Engine 2 Dry Cranking  

13:28:12  Engine 2 including Bleed On   

13:29  Samples Unpause 
Contamination II Offline 
Samples (19 minutes) 

13:39– 13:44  Taxi to Parking 

13:48  Samples Off 

13:49   Engines Off  

13:50  APU Off  
 
The most important phases of the ground test are depicted in Figure 5.3, distributed across the engine 
throttle angle. Also shown are the APU Load Valve and the HP Valve of engine 2 to identify the source 
of the bleed air supply. 
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Figure 5.3: Test phases and sampling periods, depicted across the engine throttle angle and APU/HP valves   

As clearly shown in this graphic, both baseline and ground event test samples were collected with bleed 
air supplied from the high-pressure valve in engine 2. Both of these sampling sets also included a short 
taxi phase either to or from the engine-run area.  
 
Engine and air supply temperatures  
Furthermore are the relevant temperatures from the engines T25 from the final intermediate compressor 
stage and T3 from the final high pressure compressor stage. These are representative of the 
temperatures at the intermediate and high pressure bleed ports. Outside of the high power runs and 
therefore during the relevant baseline and event sampling the HPV temperature T3 has a value of 
~280°C.  
 
The range of temperature of the air supply is relevant for the online and offline measurements of 
sampled flow. Figure 5.4 gives a simplified overview of the airflow from the engine bleed supply till it 
reaches the cockpit and cabin. The supplied fresh air reaches first the Bleed Temperature Sensors 
(BTS), which is located right before the ozone converter. The Pack Compressor Outlet Temperatures 
(PCOT) is the highest temperature the air supply reaches inside of each pack. Downstream of the pack, 
the air flow reaches the mixing unit. Ducts, supplies the air to their respective zone, e. g. the flight deck 
(F/D) or the different cabin areas. Temperature sensors are located in each main duct and additionally 
in the aircraft cabin. With the help of a Trim Air Valve (TAV) each zone can be temperature regulated 
individually by adding  hot air, which is branched off before the packs.   
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Figure 5.4: Aircraft environmental air supply geometry  

 
Figure 5.5 gives the selected temperatures in the air supply, starting from the bleed supply till it reaches 
the cockpit. Shown are the BTS, the Pack Compressor Outlet Temperatures, the mixer temperature 
and the Flight Deck ducting and cockpit temperatures.  
Since only pack #2 was used for the fresh air supply during the ground test it is the more interesting 
value. The PCOT from pack 2 fluctuates around 210°C with a maximum at 214°C  
The ducting temperature sensors are located slightly downstream the mixing unit. For this reason, the 
temperature was mainly around 8°C, with brief temperature oscillations between ~20°C and ~0°C 
during and shortly after the dry cranking. During the whole test the cockpit sensor temperature stays 
almost constant ~31°C.  
The Trim Air Valve for the cockpit was constantly closed during the ground test, as no warm air was 
needed due to the ambient temperature outside.  
Figure 5.6 shows the temperature sensors for all cabin areas one to six as well, where similar 
statements as for the F/D temperatures can be drawn. Here the ducting temperatures have similar 
curves at ~6°C, outside of the cranking phases. The cabin areas stay constant with a small temperature 
gradient throughout the airplane from ~30° in area one to ~36°C in area six.  
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Figure 5.5: Selected air supply temperature data  

 

Figure 5.6: Air supply temperature data from all ducting and cabin sensors  
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5.3.4 Results  

IMS devices: oil marker 
4 IMS devices were used and installed according to the Detailed test plan. The Aerotracers (AT) were 
installed in the cockpit and to the trim line of engine#2. A similar functioning device with the same 
principle to the Aerotracer, the Gas Detector Array (GDA) from Airsense was added to the trim line 
measurement point as a short term addition. Furthermore the RAID-M (see A.3 of the report) measured 
in the cabin. As the recirculation fans were turned off for the whole ground test, therefore the supplied 
air in cockpit and cabin consisted completely from incoming conditioned bleed air.  
 
All 4 devices uses the same Ion-Mobility Spectrometry (IMS) detection method, an analytical technique 
able to identify ionized molecules in the gas phase based on their mobility in a carrier buffer gas (here 
normal filtered room air) inside a drift cell with low applied electric fields. Each substance is recorded at 
its specific molecular drift time with an intensity peak dependent on the substance abundance in the 
test gas. However due to the nature of the method it is possible for two different substances to have a 
similar molecular drift time. Furthermore this intensity peak height can only be interpreted as a 
concentration value through semi-quantitative calibration test with the help of other parallel utilized 
measurement methods.  
This systems can detect amongst other things one specific oil marker substance, which is a reliable 
decomposition component from the thermal processing of the oil vapours. This oil marker appears as a 
stable peak in the negative spectrum of the IMS.  
 
For the following analysis the focus lies on a stable oil marker substance, while for the two Aerotracers 
also the additional automatically calculated Rolls Royce Smell Scale (RR SS) is given. A difference 
between the used devices lies only in the way the results are reported. The Aerotracer and the GDA 
give the recorded intensity defined as the peak height over a certain cut-off threshold for each 
substance, while the RAID-M uses the relative peak area without an automatically applied threshold.  
 
Figure 5.7 shows the oil marker recording results for these IMS devices. Relevant test phases and the 
periods of the offline sampling  are marked for comparison. As mentioned the Aerotracer (AT) and the 
GDA results of the identified oil marker are displayed as the peak height, with the RAID-M signal 
appearing as the relative peak area on the second axis.  
 
It is obvious that for the first phases (up to the first dry cranking) the Aerotracers did not register any oil-
marker signal. For the GDA at the engine 2 trim line, a few short dots emerged near the detection 
threshold during the baseline engine run. While the RAID-M line appeared to be a constant signal, its 
strength remained below the manufacturer’s threshold for confirmed detection (~3%) until 13:05. 
Accordingly, this was likely due to the normal background noise from other substances in the negative 
IMS spectrum in the cabin.  
After the first dry cranking at 12:56, the Cockpit Aerotracer signal started to increase, reaching a peak 
height of 26. At the same time, a more sporadic signal appeared for both devices at the trim line. The 
second high-power run after the dry cranking induced a short oil marker peak for the GDA at the trim 
line.  
The second dry cranking produced a higher peak after the bleed was turned on. For the cockpit 
Aerotracer up to ~100 peak height and for the Aerotracer connected to the trim line up to ~45. During 
this peak, the GDA at the trim line registered only sporadic points with a lower signal. One possible 
reason for the general lower detection at the trim line connection could be that the flow through the trim 
line system was lower, due to the high outside temperature during the ground test. This would have 
limited the trim air intake of bleed air, possibly leading to a discrimination and, as a result, a reduced 
response of oil marker identification response by the IMS devices.  
Comparison of the Aerotracer and the GDA installed at the same engine 2 trim-line access reveals a 
distinct difference between the results and reaction of these two devices. The differences might have 
been due to a prior contamination or insufficient air sample supply, due to the installation of the GDA 
device. For this reason, the data from the Aerotracer at the trim line appears more plausible.  
 
For both contamination events, the cabin RAID-M in the cabin registered a clear raiseof the oil peak, 
although the contamination apparently reached this device in the cabin more slowly than it did in the 
cockpit. This could also be explained by the fact that the RAID-M was not connected directly to the air 
outlet by a hose, instead sampling the cabin air directly downstream of the upper air outlet, on top of a 
flight test rack. Therefore dilution by ingestion of cabin air has to be taken into account. 
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Figure 5.72: IMS devices: oil marker, with test phases 

Figure 5.8 shows the signals of the two Aerotracers installed with the quantification through the RR 
Smell Scale (RR SS). 
The RR SS value of the peak following the first dry cranking reached 1.75 RR SS. At this point, the 
curves reiterated the higher contamination level following the second dry cranking procedure, with a 
peak value of 4.5 RR SS. The Aerotracer at the trim line Aerotracer registered RR smell scale shows 
only a few points around 1.6 during the first contamination, rising to 2.2 RR SS during the second 
contamination phase.  
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Figure 5.8: Aerotracer in cockpit and engine 2 trim line, with RR Smell Scale values 

According to the IMS devices a clear and high oil marker signal was recorded after the second dry 
cranking, with a smaller response after the first dry cranking. Therefore the contamination sampling 
should be able to provide the artificially created engine oil contamination profile. Likewise the baseline 
seems to illustrate a normal aircraft air supply during the ground run, without confirmed oil marker 
findings.  
Following the time stamps from the cockpit Aerotracer will be used as a time stamp designation to 
identify the contamination events. For the first event this is 13:01 UTC and for the second 13:31.  
 
Total concentration of particles 
Data on particle concentration were recorded only inside the cabin. The MiniWRAS, with its 
characteristic open intake, was installed on a first row seat, and the Engine Exhaust Particle Sizer 
(EEPS) was connected directly to an upper cabin air outlet with a conductive hose. The Partector2 was 
tied directly to the upper cabin air outlet as well, in order to guarantee a suitable comparison with the 
EEPS. The recirculation fans were off during the whole ground test period to ensure that the supplied 
air consisted completely from incoming conditioned bleed air.  
 
The total concentration of measured particles of the three devices are plotted in Figure 5.9. 
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Figure 5.9: Total concentration of particles measured by the particle counter devices in the cabin 

 
Due to the high peak around the second contamination event at ~13:31 UTC, the rest of the curves is 
difficult to distinguish. The same data were therefore plotted in Figure 5.10 with a logarithmic scale.  
 
Compared to the EEPS and Partector 2, The MiniWRAS recorded a lower particle number 
One possible explanation is a particulate discrimination caused by sedimentation of  particles from the 
seat. Another explanation is, that a dilution effect was caused by an indirect flow towards the device 
from the upper air outlet. Or it is caused by the fact that the measuring limits of these devices and their 
respective time resolution, are higher compared to the MiniWRAS.  
 
At around 12:20 UTC, the Partector2 was repositioned from the center cabin towards a position in front 
of the upper air outlet. This explains why the total particle number recorded by this device increased 
suddenly to the level of the EEPS, after it registered the same emission profile for the remaining time. 
This again indicates a dilution effect in the aircraft cabin. 
 
With regard to UFP concentrations, the total particle number increases after 11:56 when the engine 2 
bleed was turned on for the first time. During the baseline condition, defined as the normal pollution 
during aircraft movement on ground under normal operating conditions, the EEPS and alter (starting at 
12:22) the Partector2 measured about ~2*105/cm³ particles. No clear changes from this baseline 
happened during the first high-power run. For these particles are multiple external sources possible, e. 
g. exhaust, surrounding areas and other aircrafts or vehicles. With the current methods no detailed 
distinction between sources is possible.  
Both of these devices registered a peak at the first contamination event (at 13:01), with the EEPS 
recording ~2.8*106/cm³ particles and the Partector2 recording 1.5*106/cm³. The second event (at 13:31) 
was clearly more visible, with the EEPS recording ~1.75*107/cm³ particles and the Partector2 recording 
1.7*107/cm³ for a short time. This pattern reflects an increase in comparison to the baseline values by 
a factor of ~85 for the total particle concentration during the second contamination event.  
The recorded event values probably include the present background particles. It is not possible to fully 
distinguish between the influences of other sources and the oil contamination.  
 
The MiniWRAS reading increased when the APU bleed was turned on before the first cranking, with no 
distinguishable high point for the first contamination. For the second contamination, however, it 
indicated a maximum of 1.6*105/cm³ particles, compared to its baseline value of ~1.1*104/cm³.  
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Figure 5.10:  Total concentration of particles in a logarithmic scale, measured in the cabin, by test phase   

 
The total ultra-fine particle concentrations are displayed in Figure 5.11, in combination with the 
Aerotracer signal.The added red dotted lines mark the chosen time stamps of the two contamination 
events, dependent on the highest peak reading from the Aerotracer in the cockpit.  
The high point of the cabin particles occurred slightly later than the Aerotracer maximum reading in the 
cockpit, while the particle maximum of the second event occurred slightly before the Aerotracer high 
point. This could be explained due to the different installation locations or slightly deviations in the 
recorded time stamps, as the Aerotracer calculates its time stamps only after the end of measurement.  
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Figure 5.11: Total concentration of particles and the Aerotracer oil marker in the cockpit 

 
EEPS particle diameter size distribution  
The EEPS spectrometer performs particle size classification based on differential electrical mobility 
classification The EEPS measures all recorded particles in discrete size channels in the range from 5.6 
to 560 nm. The sum of these individual intervals corresponds to the total particle concentration shown 
in Figure 5.11.  
 
Figure 5.12 shows a complete overview of the particle diameter size distribution over for the whole 
ground test in a three-dimensional diagram. The two highest peaks during the oil events are marked 
with the additional arrows and their time stamps. In general it is clearly visible, that during the whole 
test period the majority of particles tend to be of smaller diameter sizes. For a detailed look, a three-
dimensional surface plot is not ideal, therefore further comparison at specific time stamps is necessary.  
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Figure 5.12: EEPS particle diameter size distribution for the complete test  

 
Figure 5.13 presents the recorded particle diameter sizes of the EEPS only for three relevant time 
stamps.  
For the baseline conditions (at exemplary 12:10:00), where the total concentration was at ~2*105/cm³ 
particles, and the two peaks with the maximum total concentration after each contamination event (at 
13:01:21 and 13:30:22). The approximated line between the discrete points is for visualization purposes 
only. In general, the particle diameter size distribution seems to be composed mainly of particles with 
lower diameter sizes. Furthermore the EEPS particle size distribution in a logarithmic scale, slightly 
resembling a bell curve. This could indicate that smaller particles were apparently not recorded due to 
the lower measurement limit of the EEPS (5.6 nm) and may complete the bell curve. This could in theory 
mean, that a part of the particles that occurred were apparently not indicated, due to the lower detection 
limits of the EEPS. In this context the lower particle concentration recordings of the MiniWras can be 
explained as well, as it has a lower detection limit of only ~10nm and therefore can’t measure most of 
the smaller particles recorded by the EEPS.  
 
Comparison of the particle size distribution between baseline and the two event curves shows that the 
maximum of recorded particles remains at a similar particle diameter size. At ~9.31 nm for the baseline 
distribution, at ~12.4 nm for the first event and ~10.8 nm for the second event. The number of particles 
increases during the events especially for the smaller diameter size intervals up to ~20nm. For the 
events also increasing particle sizes ranging from 40 nm through 100 nm were detected, which had not 
been recorded during the baseline measurements 
During the event also slightly larger particles were detected with particle sizes of around 80 - 143 nm 
for the first event and around 191 – 339 nm for the second event.  
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Figure 5.13: EEPS particle diameter size distribution during baseline and events 

 
Black carbon monitoring 
Black carbon (BC) was measured using the Micro Aethalometer, Type AE51 (Magee Scientific, 
Aethlabs), a portable instrument that can also be used for personal sampling. It combines continuous 
filtration with an optical measurement for the continuous determination of black carbon. The instrument 
samples air at a pre-determined flow of -150 ml/min over a filter ticket (Teflon coated borosilicate glass). 
The transmission of light (880 nm LED) through the sampled 3-mm spot on the filter is measured by a 
photodiode detector. Sampling was performed at 150 ml/min, with a 10-second base. 
 
The BC detected in the cockpit and the cabin air is illustrated in Figure 5.14, along with an indication of 
the events occurring during the tests. In general, the BC profile over time in the cabin was similar to the 
pattern measured in the cockpit, although the BC levels in the cabin were generally somewhat higher 
than those measured in the cockpit. This finding might be related to the position of the respective BC 
sampling locations towards the air inlet, both in the cockpit and in the cabin. Whilst the BC air sampling 
in the cabin took place right next to the air inlet, the air sampling in the cockpit took place on a back 
seat in the cockpit.  
 
Clear peaks occurred when the APU bleed was switched on, with another peak occurring when the 
bleed supply was switched to engine 2. During these periods, BC increased from approximately 600 
ng/m³ (before the APU bleed period) up to 3000 ng/m³, with the highest reading exceeding 10,000 ng/m³ 
in the cabin during the first APU bleed-supply period. The start of both engine bleed tests is 
characterized by a smaller and more transient peak (< 3000 ng/m³ and < 2000 ng/m³, respectively for 
each engine bleed air test). However, because of the fact that the start of the engine bleed test is 
proceeded by the end of the APU bleed test period, the initial peak might be caused by a delayed effect 
of the APU bleed test end and its effect on the indoor BC levels. Additionally it can be noticed that both 
dry cranking scenario’s affect the BC levels; the first time causing a BC increase up to 2000 ng/m³, the 
second time almost reaching 4000 ng/m³. The second engine bleed test is in fact proceeded by dry 
cranking, which may have caused the more distinct initial BC peak during the second engine bleed test. 
Furthermore, both engine bleed tests are generally characterized by BC levels close to the baseline 
measurements, with the exception during taxy in the first bleed air test, seems to initiate a temporary 
increase of BC up to 2000 ng/m³ after the taxy period.  
One plausible explanation could have to do with the ingestion of exhaust either from the APU itself or 
from the engines, with the engine-starting process during the first APU bleed-supply period. In 
particular, the highest reading corresponds closely to engine start (around 11:50). 



 

Doc.nr: 
Version: 
Classification: 
Page: 

FACTS-D7 SummaryReport 
Final 
Public 
79 of 151  

 

Copyright © 
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of air-quality levels inside the cabin of large transport 
aeroplanes and its health implication 

 

 

Figure 5.14: Black carbon monitoring 

Offline sampling  
As planned and shown in Table 5.6 and Figure 5.3, the offline sampling was performed in two phases. 
First, the baseline during taxi and a standard part of the engine run on ground was sampled. After 
sampling the baseline conditions, offline sampling was performed during artificially provoked events. 
The events were split into two parts, each directly after an applied abnormally long dry-cranking of the 
engine #2 with a pause in-between. An important aircraft setting to note is that the recirculation fans 
were off during the whole ground test period. The air sampling could capture supplied air that consisted 
completely from incoming conditioned bleed air.  
 
According to the IMS measurements results (see Section 5 of the report) a clear high signal of the oil 
marker valeric acid during the second event was recorded. This corresponds to the strong odour 
perception of everyone on board. (16 people in total, the participating specialists, the operating aircraft 
crew and an EASA representative). Therefore the event sample taken should have been able to capture 
a clear artificial oil event signal. All shown values of the samples have been corrected by the associated 
values of their respective blank samples.  
 
For the analysis and interpretation of measurement data several criteria can be used. The 
Arbeitsgemeinschaft Ökologischer Forschungsinstitute e.V. (AGÖF) average room air data show a 
deviation from normal conditions. However these AGÖF P90 guidance values offer no basis for a 
toxicological risk assessment. The AGÖF is a German association of ecological research institutes 
which released statistically derived guidance values for indoor air. The statistically derived assessment 
concept is based on a large number of representative investigations, from which a “usual, average” 
level of indoor air pollutants is established and defined as “normal”. In many cases the so-called 90% 
percentile is chosen as the concentration threshold unless a lower toxicologically derived threshold 
exists. Components concentrated above their respective attention value are thus above common indoor 
concentrations indicating a specific source exists and should be investigated. The NIK/EUR-LCI values 
represent the official lowest concentration of interest, which provides a toxicological viewpoint with 
regard to long term exposure. 
 
The EU-LCI workgroup consists of experts from ten European countries to develop a common 
European list of substances and values for lowest concentrations of interest (LCI). EU-LCI values are 
derived using a compilation of epidemiological and toxicological data from risk assessments published 
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by established international and national committees and/or other relevant studies. EU-LCI are thus 
based on reported scientific data and expert judgment and represent concentration levels that are 
considered likely not to cause adverse effects over the longer term by use of the model room as a 
reference. EU-LCI do not constitute guideline values for indoor air quality but may be applied within 
health-related evaluation schemes to assess health risks from indoor product emissions on the basis of 
life-long exposure. They are only reference points for health evaluation of individual compound emitted 
from a single product. Therefore they are usually very high and not suitable for combined evaluation of 
the effect of several sources on indoor air quality. However compounds with a LCI are among those 
with a mandatory substance specific quantification according to health evaluation schemes and 
required standard procedures. The NIK values represent the German national version of the EU-LCI 
values. These are used if available for substances which are not yet represented in the LCI list. 
 
In the following figures, the results of the offline measurements are presented, including the existing 
AGÖF P90 values. NIK/EU-LCI values are not shown, as they are not visible in the figures due to the 
lower y-axis ranges of the reported results  
 
Volatile organic compound and aldehyde measurements (Offline IBP) 
A combination of Tenax and DNPH sampling was used, in accordance with the detailed test plan. While 
parallel sampling was executed in the cabin for the baseline and contamination phase respectively, this 
was not performed for the cockpit sampling. According to standard procedure the average of both 
redundant cabin samples for each phase is reported.  
 
Figure 5.15 to 5.19 list the substances by compound group. For a few groups, substances that are of a 
general interest from the perspective of air quality are listed even if no concentration was detected 
during both sampling periods.  
 
The group of n-alkanes is depicted in Figure 5.15. As shown in the figure, n-undecane and n-
tetradecane increased slightly during the event, with n-hexane decreasing only in the cockpit and n-
octane decreasing only in the cabin. Concentrations of the n-alkane are very low and not of any concern.  
 

 

Figure 5.15: Analytical results n-alkanes (µg/m3, IBP)  

Results for organic acids and other compounds (e.g. like butyrolactone and Phthalic anhydride) are 
displayed in Figure 5.16. The oil marker valeric acid was not detected in the baseline sample and clearly 
increases to 30 μg/m³ during the contamination event. It is important to note, however, that the findings 
in the cabin account for only 40% of the cockpit sampling. This seems to correlate with the IMS-
recordings from Figure 5.7, in which the event reached the cabin slower than the cockpit. During the 
event butyric acid, heptanoic acid and octanoic acid occurred in higher concentrations in the cockpit 
than in the cabin. Acetic acid and propionic acid increased during the event, relative to the baseline. 
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This applied primarily to the cockpit, but it remained almost constant in the cabin sample. From the 
composition of used turbo oil it is clear that pentanoic acid and heptanoic acid come from hydrolyses of 
the oil itself. Within the AVOIL project, other organic acid in the range C1-C10 were identified (to a 
smaller extent) in the vapour of different types of jet-engine oil.  
 

 

Figure 5.16: Analytical results organic acids and others (µg/m3, IBP) 

Results for aldehydes and ketones are presented in Figure 5.17. As shown in the figure, formaldehyde, 
acetaldehyde, acetone, propanal and butanal increases due to the event, during which only acetone 
has a higher value in the cabin. However acetone is a human bioefluent and there were more people 
present in the cabin than in the cockpit. Only acrolein decreases during the event.  
These results cannot be directly compared to VIPR measurements from Space et al. (2017) “LV-17-
C047 – Experimental Determination of the Characteristics of Lubricating Oil Contamination in Bleed 
Air”. In the VIPR study bleed air was branched directly from the engines bleed air ducting for the testing, 
without passing through the air conditioning packs and air distribution system. Considerable amounts 
of oil were permanently injected during the VIPR study, which is not representative for aircraft odour 
events with typically short duration. Nevertheless, an increase of formaldehyde, acetaldehyde and 
propanal was found for this test.  
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Figure 5.17: Analytical results selected aldehydes and acetone (µg/m3, IBP)  

Results for volatile organic compounds are presented in Figure 5.18. As shown in the figure, benzene 
remained almost constant between the baseline and the event samples, although it was higher than the 
AGÖF P90 value. This finding can be attributed to the fact that benzene is an exhaust marker, and the 
whole test was performed on ground with a constant engine exhaust background in the test area.  
Most of the other substances appeared during the baseline in the cabin, with some increasing during 
the event, albeit only in the cabin.  
The only concentrations to increase during the event in the cockpit and the cabin were 2-butanone, 
hexanal, hexamethylcyclotrisiloxane and phenol. The substances 4,4-dimethyl-2-pentanone, gamma-
pentalactone, octamethylcyclotetrasiloxane and decamethylcyclopentasiloxane did increase, but only 
for the cockpit sample.  
Phenol concentration increased during the event. Cabin concentrations far exceeded the AGÖF P90 
values, and they were 17 times higher than in the cockpit. One reason could be the placement of the 
pumps and sampling tubes on top of a fully equipped and used computer rack, as phenol can outgas 
from electrical components and circuit boards. This is underlined as the baseline in the cabin shows a 
very high concentration as well.  
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Figure 5.18: Analytical results volatile organic compounds (µg/m3, IBP) 

Finally, the results for semi-volatile organic compounds are presented in Figure 5.19. As shown in the 
figure, tricosane, tetracosane, pentacosane, hexacosane and heptacosane increased in the cockpit 
during the event. Only 1-hexadecanol was recorded in both the cabin and cockpit for the baseline, and 
disappeared during the event.  
 

 

Figure 5.19: Analytical results semi volatile organic compounds (µg/m3, IBP) 

Figure 5.20 provides a summary of all substances that were found in either the baseline or the event 
samples from the ground test. In the figure, they are arranged according to the change in concentration 
during the event, as compared to the baseline.  
 
The excerpt in Figure 5.21 shows only the substances exhibiting an increase in concentration during 
the event.  
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While over half of the substances found in the sample analysis increase their concentration due to the 
event either in the cabin or in the cockpit sample, the changes of most are in the range of 1-2 μg/m³. 
However, clear concentrations increases were nevertheless observed for valeric acid, formaldehyde, 
acetaldehyde, propanal, butanal and acetone, in both the cabin and the cockpit. An increased 
concentration mainly in the cockpit was recorded for acetic acid, heptanoic acid, heptacosane and 
hexacosane. In comparison 2-ethylhexyl 2-ethylhexanoate and 1-butanol increased rather in the cabin 
samples.   
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Figure 5.20: All Substances detected, sorted by event change (µg/m3, IBP) 
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Figure 5.21: Substances detected, sorted by event increase (µg/m3, IBP) 
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Volatile organic compound measruements (Offline TNO) 
Tenax samples were taken during the same time periods, as described in the detailed test plan. Similar 
to the IBP sampling, two parallel samples were taken and analysed from the cabin and only one sample 
was taken and analysed from the cockpit. For the cabin samples, the average of the redundant samples 
is reported. 
In the following figures 5.22 to 5.25, the substances are listed in groupings similar to those in previous 
figures. Some compounds are listed even if they were not detected during both sampling periods. In 
case AGÖF P90 values exist they are also shown.  
 
The group of n-alkanes is displayed in Figure 5.22. As clearly shown in the figure, no substances were 
confirmed for the baseline samples from the cockpit, while n-nonane, n-tetradecane, n-hexadecane, n-
heptadecane and n-octadecane were found at 1-2 µg/m³ in the cabin baseline.  
A couple of substances increased due to the event, however their concentration change is very small, 
in the 1-2 µg/m³ range. n-Octadecane concentrations did exceed the AGÖF P90 value. Only n-
hexadecane exhibited a clearer increase due to the event in the cockpit and cabin, and it also exceeded 
the AGÖF P90 value.  
 

 

Figure 5.22: Analytical results for n-alkanes (µg/m3, TNO) 

Results for the organic acids are listed in Figure 5.23. The oil marker valeric acid increased from ‘not 
detected’ in the baseline sample to approximately 42 μg/m³ in the cockpit and to 35 μg/m³ in the cabin. 
Event-associated concentration increases were also recorded for propanoic acid, butanoic acid, 
hexanoic acid, heptanoic acid and octanoic acid. Acetic acid exhibited the highest concentrations of all 
acids in both the baseline and the event samples. This might have been due to either from the 
outgassing of the electrical rack or to the bio-effluents of the handling personnel on board. Another point 
is, that the acetic acid analyses are performed on a semi quantitative basis and Tenax is not really a 
suitable adsorbent to sample this low molecular acid.  
Of the recorded organic acid concentrations, the values for acetic acid, valeric acid, butanoic acid and 
heptanoic acid exceeded the AGÖF P90 value in the event sample.  
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Figure 5.23: Analytical Results Organic Acids (µg/m3, TNO) 

The concentrations of the aromatic compounds are presented in Figure 5.24. Benzene was present in 
the baseline sample and the event sample at 2-3.5 µg/m³. Such values are typical for this ubiquitous 
compound, especially at a ground testing area with engine exhaust present. Compared to the baseline 
measurements, Phenol decreased during the event. This was especially noticed for the cabin. All 
concentrations found for phenol exceeded the AGÖF P90 value. Furthermore cyclohexanone appeared 
during the event at a level of approximately 3 µg/m³.  
 

 

Figure 5.24: Analytical results aromatic compounds (µg/m3, TNO) 

The analytical results of the aldehydes are presented in Figure 5.25. Compared to baseline 
measurements, a clear increase during ground test event was noticed for octanal, nonanal, decanal, 
undecanal and dodecanal with the latter three values exceeding the AGÖF P90 values. These results 
do not correspond to those obtained by IBP, and such concentrations would substantially exceed their 
respective odour thresholds. While nonanal and decanal are known cabin contaminants emitted from 
humans, they are also known artefacts from Tenax as described in several reviewed articles. from 
practice and literature. . It may be considered that these artefacts could contribute to these findings. 
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Figure 5.25: Analytical results aldehydes (µg/m3, TNO) 

All of the substances found in either the baseline or event samples are summarised in Figure 5.26. 
Acetic acid is displayed with its own y-axis, in order to ensure the overall view of the concentrations of 
other substances.  
Only, acetic acid, decanal, nonanal, phenol and benzene were determined in the baseline for the cockpit 
and cabin. In contrast dodecanal, undecanal, octanal, n-hexadecane, n-nonane, n- octadecane, n-
heptadecane and n-tetradecane were recorded for the cabin baseline in small concentrations. Most of 
the compounds increased or only appeared during the event sampling, with the exceptions for phenol, 
benzene and p,m-xylene, which decreased during the event.  
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Figure 5.26: All substances detected, sorted by event change (µg/m3, TNO) 
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Relative comparison of VOC findings 
As there were two different sets analysed by two partners respectively with substance concentrations 
for the same measurement periods at the same sampling location it makes sense to compare findings 
more closely.  
 
Differences in the absolute results between two laboratories could have multiple reasons: 

 Sampled air may not be homogenously distributed in the cabin. 
 Normal standard deviation of interlaboratory comparisons amounts to 30-50% usually. 

Differences in concentrations occurs if compound specific calibration standards are used or calculation 
is based on the response of a certain compound.  
Different types of adsorbers, e. g. Tenax GR vs. Tenax TA, have been used by both laboratories with 
different procedures in use. Also for some substances, e. g. nonanal or decanal, results provided by 
IBP are based on DNPH sampling, while TNO results were derived from Tenax sampling.  
Therefore this comparison will focus on the fold increase between the baseline and the contamination 
event sampling for the cockpit or cabin. This allows to assess whether through different procedures and 
different absolute values the same statements regarding the recorded change from the artificial oil 
contamination can be drawn.  
 
Only a factor increase between baseline and event of >2 will be considered as significant. Only 
concentrations found >2 µg/m³ will be taken into account. Since a concentration increase from 1 µg/m³ 
to 2 µg/m³ would mean a two-fold increase. However at this low concentration the concentration change 
is within the measurement error of the method. 
 
The Figure 5.27 gives all substances that show a factor increase for the event of larger than 2.  
Valeric acid clearly has the highest increase due to the contamination event with a factor of 15 (IBP) 
and 21.5 (TNO) in the cockpit, with factors of 6 (IBP) and 17.9 (TNO) for the cabin.  
Furthermore, acetic acid increased stronger with factors of 7 (IBP) and 3.8 (TNO) for the cockpit and of 
1.125 and 1.96 (TNO) for the cabin. Heptanoic acid shows also an increase of 2 (IBP) and 4.02 (TNO) 
in the cockpit and 1 (IBP) and 3.75 (TNO) in the cabin.  
 
Formaldehyde, acetaldehyde and propanal show an increase of factor 2-3 between baseline and event 
with DNPH sampling.  
Decanal, nonanal and dodecanal increased by a factor of 2-5, however these concentrations were 
determined semi-quantitatively via Tenax sampling (without substance specific calibration) and not with 
the more selective DNPH method (and substance specific calibration). Nonanal and decanal are also 
known human bio-effluents and cannot be used as an oil indicator in an environment with people 
present. They are also known from practice and literature as artefacts from Tenax. It may be considered 
that these artefacts could contribute to these findings. 
 
As an indicator for an artificial oil contamination event the relative increase of the C2, C5, C7 acids and 
the C1, C2, C3 aldehydes seem to be the most suitable markers.  
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Figure 5.27: Relative increase of substance concentration between baseline and events for the VOC sampling (IBP, TNO) 
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Organophosphates measurements (Offline TNO) 
Organophosphates were sampled on a glass fiber filters (Whatman, diameter 47 mm) in combination 
with Chromosorb 106 adsorption tubes. After sampling glass-fibre filters and tubes, including tube 
separators, were extracted through a process of accelerant solvent extraction (ASE) 350 (Dionex), with 
dichloromethane as the extraction solvent. Before extraction, internal standard triphenyl phosphate-d15 
and triethyl phosphate-d15 were added to the filter. After extraction the sample extract is concentrated 
and analysed by Gas Chromatography–Mass Spectrometry (GC-MS). The method is based on the work 
of Solbu, et al. (2011)4. The in-house validation is described in TNO R11572 (Houtzager and Makarem 
2013)5 and in TNO-Org-238 (Roding-Bolleboom)6 . The method is capable of identifying and quantifying 
32 organophosphates, including separation and quantification of 10 Tri-cresyl phosphate (TCP) 
isomers. The mono and di-ortho isomers were synthesized by TNO. The purity of the TCP ortho isomers 
is given in the Table 5.7. The other isomers were purchased commercially. 

Table 5.7: Purity of the synthesized TCP ortho isomers 

Substance TNO nr. Purity 

T(m,m,m) cresyl phosphate  146742 97,6% 

T(m,m,p) cresyl phosphate 146467 98,9% 

T(m,p,p) cresyl phosphate  146466 99,4% 

T(p,p,p) cresyl phosphate  146470 99,2% 

T(o,p,p) cresyl phosphate  146465 99,0% 

T(o,p,m) cresyl phosphate  146464 97,7% 

T(m,m,o) cresyl phosphate 146463 98% 

T(o,o,m) cresyl phosphate  146468 98,1% 

T(o,o,p) cresyl phosphate 146469 98,7% 

T(o,o,o) cresyl phosphate 14647 94,6% 
 
Analyses of all organophosphates included two separate GC-MS runs. The OPs were separated and 
analysed with the use of one 30 m capillary column, while the TCP isomers were separated and 
analysed with the use of two 30 m capillary columns coupled to each other. It was not possible to 
separate and analyse isopropylated phenylphosphates, as pure analytical standards are not 
commercially available yet. 
The OP measurements taken in the cabin were executed in duplicate, and a single sampling system  
was used in the cockpit. 
The detected organophosphates are listed in Figure 5.28, with Tri-butyl phosphate (TBP) and Tris(1-
chloro-2-propyl) Phosphate (TCPP-1) pulled forward on a different scale.  
 

 
 
 
4 K.Solbu et all. Determination of airborne and triaryl organophosphate originating from hydraulic fluids by 
GCMS. Development of methodology from combined aerosl and vapor sampling. Journal of chromatography 
A,1161(2007)  
5 Houtzager, Makarem, Determination of Organo Phosphates Esters (OPEs) in air samples by ASE extraction 
and GCMS analyses. TNO 2013 R11572 (2013) 
6 Roding- Bollenboom, Determination of 10 isomers from Tricresyl-Phosphate in air samples by ASE extraction 
and GCMS analyses. TNO-ORG-238 (2019) 
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Figure 5.28: Organophosphates detected at baseline and ground test events (µg/m3, TNO) 

The highest concentration of organophosphates was measured for TBP, which increases in the cockpit 
from 3.36 μg/m³ at baseline to 12.4 μg/m³ during the ground-test event. Assuming comparability 
between the air supply to the cockpit and to the cabin, it is surprising to note that TBP concentrations 
in the cabin during the ground test event remained at comparable  level measured during baseline.  
All TBP concentrations measured in the cabin and the cockpit at baseline and during the ground-test 
event exceeded the AGÖF value of <1μg/m³.  TBP typically originates from hydraulic fluids and is not 
detected on regular base in indoor environment of private houses and office buildings. Therefore indoor 
air concentrations of houses and buildings are certainly much lower than aircraft cabins and 
surroundings.  
 
The TBP concentrations measured at baseline and during the ground-test event are presented in Figure 
5.29, and tris(1-chloro-2 propyl) phosphate (TCPP-1) and bis(1-chloro-2-propyl) (2-chloropropyl) 
phosphate (TCPP-2) concentrations measured at baseline and during the ground-test event are 
presented in Figure 5.30. 
 
The concentrations of TCPP-1 and TCPP-2 measured in the cockpit during the ground test were also 
remarkably high, as compared to those measured in the cabin, which remained within the same range 
at baseline and during the ground-test event.  
In general TCPP is used as a flame retardant and applied as additive in different products, like electrical 
and electronic products. The cockpit is an area where a lot of electronic equipment is placed in a relative 
small space. The hypothesis is, that during the ground test temperatures in the electronic boards will 
rise in temperature more than under normal flight manoeuvre conditions, resulting in an increase of 
TCPP's. 
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Figure 5.29: Results of TBP measured during baseline and ground-test events (µg/m3, TNO) 

 

Figure 5.30: Results of TCPP-1 and TCPP-2 measured during baseline and ground-test events (µg/m3, TNO) 

During baseline and ground test event, no mono-, di- or tri- ortho isomers of TCP were detected, with 
detection limit ranging from 0.013 -0.016 μg/m³. No TCP (m/p) isomers were detected at baseline , 
with detection limits ranging from 0.006-0.007 μg/m³. The results of TCP(m/p) isomer concentrations 
at baseline and during ground-test event are presented in Figure 5.31. TCP concentrations for cabin 
as shown in Figure 5.31, are averaged concentrations of the parallel sampling. 
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Figure 5.31: TCP (m/p)isomer concentrations measured during baseline and ground-test event, (µg/m³), Note that      
concentrations indicated for the baseline are LODs and not measured values. 

During the event increased concentrations of tri(m, m, p)- cresyl phosphate and tri(m, p, p)- cresyl 
phosphate were detected in the cockpit of respectively 0.022 and 0.018 μg/m³ and in the cabin of 
respectively 0.03 and 0.255 μg/m³. Tri(p, p, p)- cresyl phosphate concentration in cabin increased up 
to 0.01 μg/m³.  
An overview of  the frequency of organophosphates identified in all samples is given in Table 5.8 to 
5.10.  
 

Table 5.8: Frequency of identified organophosphates in % of the total number of samples (max conc. range 1.5-12 µg/m3) 

 

Table 5.9: Frequency of identified organophosphates in % of the total number of samples (conc. range < 0.5 µg/m3) 

 
  

Tri-n-butyl phosphate TBP 126-73-8 X X X X X X 100
Tris(1-chloro-2 propyl) phosphate TCPP-1 13674-84-5 X X X X X X 100
Bis(1-chloro-2-propyl) (2-chloropropyl ) phosphate TCPP-2 13674-84-5 X X X X X X 100

Triethyl phosphate TEP 78-40-0 X X X X X X 100
Tris(1,3-dichloro-2-propyl)phosphate TDCPP 13674-87-8 X X X X X 83
2-Ethylhexyl diphenyl phosphate diphenyl EHP 1241-94-7 X X X 50
Tris(2-ethylhexyl)phosphate TEHP 78-42-2 X X X 50
Tri(m, m, p)- cresyl phosphate T(m,m,p)CP 563-04-2 X X X 50
Tri(m, p, p)- cresyl phosphate T(m,p,p)CP 563-04-2 X X X 50
Tri(m, m ,m)- cresyl phosphate TmCP 563-04-2 X X 33
Tri(p, p, p)- cresyl phosphate TpCP 78-32-0 X X 33
Dibutyl phenylphosphate DBPP 2528-36-1 X 17

Identified in sample (X) Baseline 
Cabin     Cabin     Cockpit 

Event 
Cabin     Cabin     Cockpit 

Appearance in % of total 
samples 

Identified in sample (X) Baseline 
Cabin     Cabin     Cockpit 

Event 
Cabin     Cabin     Cockpit 

Appearance in % of total 
samples 
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Table 5.10: Frequency of identified organophosphates in % of the total number of samples (concentration range < 0.1 µg/m3) 

 
GC-Olfactometry (GC-Olf or GC-Sniffing, Offline IBP) 
In addition to air sampling on Tenax tubes for Gas Chromatography–Mass Spectrometry (GC-MS) 
analyses, air was also sampled on Tenax tubes for GC-Olf analyses. GC-Olf is a very sensitive method 
in the detection of trace amounts of odoractive compounds by sniffing the gas/air stream eluting from a 
GC column. This analysis is performed by a trained flavour scientist who are familiar with hundreds of 
odourants and who are able to smell, describe and distinguish them. It is a semi-quantitative method, 
as odour intensity can be used to estimate the concentration of the odourant above its odour threshold, 
which—for some odorants—is below the detection limit of a mass spectrometer. The GC-sniffers do not 
know the details of the samples that are being analysed. They rate the odour perceived at the sniffing 
port by intensity 0, 1, 2 or 3 meaning no, weak, clear or strong perception, in increments of 0.5. One 
baseline and event sample was drawn in the cockpit, while in parallel two baseline and two event 
samples were being drawn in the cabin. 
 
The GC-Olf Results are grouped by substance groups in Figures 5.32 to 5.34.  
There was an obvious difference between the cockpit baseline sample and the two cabin baseline 
samples. In the cockpit baseline sample hardly any odorant was detected, and those that were detected 
were at an intensity <1. This indicated that few organic acids and aromatic compounds were present in 
the air, meaning that the air was more or less odourless.  
In the cabin baseline samples more odorants were detected, at higher intensities and also at different 
levels in the two cabin samples that were taken. Surprisingly, the baseline cabin 1 sample exhibited 
high odour intensities for 2-methyl butanal, octanal and decanal, as well as for pentanoic acid, hexanoic 
acid, 2-ethyl hexanoic acid, nonanoic acid, tetradecanoic acid and hexadecanoic acid. This sample is 
regarded as having been contaminate by axillary sweat and fatty fingers, particularly given the clear 
perception of 2-ethyl hexanoic acid, tetradecanoic acid and hexadecanoic acid. Although organic acids 
are easily detected by the human nose in the low µg/m³ range, some GC-MS systems may have 
difficulty detecting such concentrations. Ignoring the baseline cabin 1 measurement, pentanoic acid and 
hexanoic acid exhibited a clear increase in intensity between baseline and the events in the cockpit and 
the cabin.  
No distinct change in perception was detected for odoractive aldehydes, ketones, aromatics. Some 
miscellaneous compounds (e.g. acetaldehyde and acetophenone) were detected only at baseline in the 
cabin, and others (e.g. o-xylene, butyl acetate or phenol) exhibited no increase between baseline and 
the event. The phenol source was likely the computer rack in the cabin on top of which all pumps for 
sampling were positioned.  
Hexanal was detected only in the event samples from the cockpit and the cabin. 
 

Triisopropyl phosphate TiPP 513-02-0 0
Tri-n-propyl phosphate TPP 513-08-6 0
Tris(2-chloroethyl)phosphate TCEP 115-96-8 0
Trimethylolpropaan fosfaat TMPP 1005-93-2 0
Butyl diphenyl phosphate BDPP 2752-95-6 0
Tris(2-butoxyethyl)phosphate TBEP 78-51-3 0
Triphenyl phosphate TPhP 115-86-6 0
Cresyl diphenyl phosphate CDP-1 26444-49-5 0
Cresyl diphenyl phosphate CDP-2 26444-49-5 0
di-Cresyl phenyl phosphate DCP-1 26446-73-1 0
Tri (o, o, o)- cresyl phosphate ToCP 78-30-8 0
di-Cresyl phenyl phosphate DCP-2 26446-73-1 0
Tri(o,o,m)-cresyl phosphate T(o,o,m)CP 0
Tri(m,m,o)-cresyl phosphate T(m,m,o)CP 0
Tri(o,o,p)-cresyl phosphate T(o,o,p)CP 0
Tri(o,p,m)cresyl phosphate T(o,p,m)CP 0
Tri(o,p,p)cresyl phosphate T(o,p,p)CP 0
di-Cresyl phenyl phosphate DCP-3 26446-73-1 0

Identified in sample (X) Baseline 
Cabin     Cabin     Cockpit 

Event 
Cabin     Cabin     Cockpit 

Appearance in % of total 
samples 



 

Doc.nr: 
Version: 
Classification: 
Page: 

FACTS-D7 Overall Summary  
Final 
Public 
98 of 151  

 

 

Copyright © 
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of the quality level of the air inside the cabin of large 
transport aeroplanes and its health implication 

 

 

Figure 5.32: GC-Olf analysis of aldehydes and ketones (IBP) 

 

 

Figure 5.33: GC-Olf analysis of organic acids (IBP) 
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Figure 5.34: GC-Olf analysis of aromatic compounds and miscellaneous substances (IBP) 
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MSAR Proton Transfer Reaction Mass Spectrometry 
The online mass spectrometer (Type PTR-TOF 8000, Proton Transfer Reaction – Time Of Flight Mass 
Spectrometry) on the MSAR (Mass Spectrometer Analysis Rack) was used for online monitoring of 
volatile organic compounds, with a connection to the cockpit air supply duct. Since it only records mass-
to-charge ratios of gaseous molecules ionized, substances identified from the offline sampling were 
used for substance identification and further interpretation. The given mass values represent the 
substance molecular mass with the attached ion (H+). Different isomers or substances with the same 
mass-to-charge ratio are not distinguishable further from each other. As it records the abundance of a 
substance only as the intensity at a certain mass-to-charge therefore the μg/m³ values are calculated 
with recorded physical device parameters.  
The two dotted red lines in the figures represent the start of the contamination events, with the sampling 
periods marked at the top of the graph. 
 
Organic acids are known to be better ionisable with the PTR-MS (Proton Transfer Reaction Mass 
Spectrometry). Only the substances of interest or that exhibited a visible significant change during the 
ground test are shown in Figure 5.35. 
 

 

Figure 5.35: PTR-MS organic acids  

At baseline, the concentration of the mass number for valeric acid was at a level indicative only of 
background noise. Shortly after the first event, it increased to around 3.38 μg/m³, and a clear increase 
in concentration was evident during the second event, with a high point of approximately 23 μg/m³. This 
value is consistent compared with the oil marker peak height reading of ~100 from the cockpit 
Aerotracer (see. Section 5 of the report), according to the Airbus laboratory tests, where the device 
read-out was compared with semi-quantitative calibration campaigns.  
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Furthermore is acetic acid was present constantly, with a slight increase after the second event to ~23 
μg/m³. Most of the other substances, like e. g. heptanoic acid, butyric acid or formic acid, show no 
visible change for the first event and only a small increase during the second event. 
 
Similar to organic acids, a few selected VVOCs that exhibited increases above the level of background 
noise level are listed in the Figure 5.36. 
Clear increase for formaldehyde were observed during the events, with maximum values of 11.8 μg/m³ 
for the first and 16.8 μg/m³ for the second event. Further the mass-charge-ratio for C3H6O increased to 
34.6 μg/m³ and 44.5 μg/m³ as peaks for the events. This mass may represent especially the substances 
acetone and propanal, which both should have been determined in the grab samples.  
Similar values exhibited acrolein, 2-butenal, 2-butanone, isobutyraldehyde and hexanal. They 
increased for the first event to about 6-8 μg/m³ and for the second event to 9-12μg/m³. 
The curves for acetaldehyde and phenol showed no changes during the whole measurement.  
Nonanal and decanal both were only measured constantly at ~1 μg/m³ and did not change at either 
event.  
 

 

Figure 5.36: PTR-MS VVOCs  

The PTR-MS result for n-alkanes are listed in Figure 5.37.  
The substance with the highest concentration was n-butane (with ~14.2 μg/m³ after the contamination 
events), followed by n-pentane (with a value of ~5.95 μg/m³). For both of these substances however, 
the changes were apparently at least somewhat dependent on the changes in the bleed supply (and 
thus the air flow), with other slight increases in concentrations during the high-power phases.  
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The PTR-MS results do not indicate any clear picture in comparison with the offline sampling. It is likely 
that these mass numbers do not represent the alkanes, as they are not necessarily ionisable.  
 

 

Figure 5.37: PTR-MS n-alkanes  

Although, a PTR MS is not the best method for determination of low volatile compounds such as 
organophosphates, previous experience indicated that TBP is reasonably detectable. Furthermore most 
of the isomers of the organophosphates of interest cannot be differentiated, therefore they can only be 
grouped together by their same respective mass to charge ratio.  
 
Figure 5.38 shows a selection of organophosphates for which a resulting concentration was recorded. 
None of the masses corresponding to organophosphates looked at with the PTR-MS indicated 
concentrations above 0.5 μg/m³, which can be considered as system noise. In contrast tri-butyl 
phosphate reached a concentration up to 35 μg/m³ according to the offline sampling.  
Consequently the more likely explanation for this particular difference is that the PTR-MS measured the 
fresh air supply only and TBP is a known substance used in hydraulic fluids. This would also explain 
the greater occurrence in the cabin and cockpit, due to emissions from local sources (hydraulic 
leakages, contaminated gear pins, contaminated clothing of mechanics). 
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Figure 5.38: PTR-MS organophosphates  

PALL CAQS 
Pall provided two CAQS prototypes (CAQS-DMA3, CAQS-DMA4) which were installed in the aircraft 
cabin. The CAQS implemented the latest sensor configuration. The sensors sampled and analysed the 
cabin air quality at a rate of 1 measurement per minute. 
 
Both instruments registered similar responses and only one (DMA4) is graphed and reported. 
Figure 5.39 shows the background level measured by CAQS DMA4 during the aircraft ground test. 
CAQS DMA4 was powered up at approximately 9:20 UTC and measured the changes in background 
level as the aircraft and ECS states changed.  
 
Air flow was off from approximately 11:10 to 11:42 during which the measured background levels 
increased. As expected the background levels dropped once the ECS began supplying fresh APU bleed 
or engine bleed air to the cabin. A brief spike in background levels was measured when the engines 
were first started. No such brief increase was registered on the test aircraft when the APU was powered 
up, or when the engines were re-started after the cold dry crank procedures. The CAQS measured an 
increase in background levels after each of the cold dry crank procedures that were used to introduce 
turbine engine oil into the engine bleed air. A larger increase was measured after the second (longer) 
cold dry crank procedure, consistent with the expectation that it introduced more oil into the engine 
bleed air system than the first (shorter) cold dry crank procedure.  
In both cases the background level remained elevated and recovered slowly rather than exhibiting a 
brief spike. This slow recovery is consistent with previous CAQS ground trials.  



 

Doc.nr: 
Version: 
Classification: 
Page: 

FACTS-D7 Overall Summary  
Final 
Public 
104 of 151  

 

 

Copyright © 
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of the quality level of the air inside the cabin of large 
transport aeroplanes and its health implication 

 

  

Figure 5.39: Graph of background level measured by CAQS-DMA4 during the ground trial, overlaid with the recorded times of 
changes in aircraft and/or ECS state 

A pattern recognition  algorithm was developed for CAQS DMA4 using its responses to laboratory 
simulated contaminant challenges of de-icing fluid, turbine engine oil and hydraulic fluid measured 
before the FACTS trial. The algorithm uses differential analysis to identify increases in contaminant 
levels and then classifies what has “changed” (i.e. what is the new contaminant being introduced into 
the cabin) by fluid type: de-icing fluid, turbine engine oil, hydraulic fluid and “other”. It should be noted 
that the available training data set was small which significantly limits the algorithm’s capabilities and 
performance. The CAQS DMA4 response spectra were saved during the trial and processed with the 
pattern recognition algorithm afterwards. The processed responses have been limited to the Packs ON 
condition when the ECS is supplying air to the cabin, consistent with the CAQS’ intended use condition. 
Both increases in background level measured by CAQS-DMA4 following the ground aircraft trial cold 
dry crank procedures were correctly classified as turbine engine oil. The brief spike in background level 
during the first engine start was classified as “other”. No false positive classifications were registered. 
 
PALL’s CAQS prototype sensor was able to detect and correctly classify turbine engine oil contaminants 
in ECS supplied air into the aircraft cabin following two cold dry crank procedures. CAQS also measured 
the relative change in total contaminant background levels as the aircraft and ECS states changed. The 
CAQS responses to 1) ECS state changes and 2) turbine engine oil contamination in bleed air were 
consistent to those of previous CAQS ground trials. 

5.3.5 Discussion 

The goal of the test was to produce an artificially created oil smell in the cabin due to contamination of 
the bleed system (oil smell events are also called ‘fume’, ‘odour’ or ‘smoke’ events).  
The three defined test goals points have been achieved fully.  
 

 Every participating specialist, the operating aircraft crew and an EASA representative on board, 
in total 16 people, confirmed a strong smell during the second event at ~13:30 UTC.  

 The in Airbus tests validated Aerotracer installed in the cockpit showed a clear indication of the 
increased presence of engine oil for both events, with a maximum RR SS peak of 4.5 for the 
second event.  
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 Furthermore the installed online/offline sampling indicated an increased presence of valeric 
acid during both events compared to the baseline sampling before. Valeric acid is considered 
to be a good marker of engine oil contamination.  

 
With few exceptions, the measurements correlate well among each other, as well as with perceptions 
during the ground-test event. The detection of the odour event by the installed devices (Aerotracers, 
RAID-M, and PTR-MS) and offline samples is clearly correlated with the perceptions of the event by 
occupants on board the aircraft during the test. In addition, the measurement of ultrafine particles 
indicated good correlation between the phenomena observed and the expected increase of particle 
concentration due to the deliberate introduction of oil pollution in the bleed air system. The particles 
found during the baseline condition, defined as the normal pollution during aircraft movement on ground 
under normal operating conditions, are multiple external sources possible, e. g. exhaust, surrounding 
areas and other aircrafts or vehicles. With the current methods no detailed distinction between sources 
is possible. 
 
Ultrafine particles, which particle diameter size distributions were detected with a maximum of around 
9-12 nm, may be indicative of the condensation of previously evaporated material of low-volatility 
material (e.g. engine oil base stock). At the same time, however, Black carbon measurements 
correlated neither with peak UFP emissions nor with the detected concentrations of valeric acid and 
perceived oil odour. It can therefore be assumed that, although contaminants from oil pollution were 
due to thermal degradation, they were not representative of a combustion process. For this reason, 
black carbon should be assumed as indicative of exhaust ingestion (see Section 6.3 of the report). Clear 
peaks for black carbon appeared mainly when the APU bleed was switched on, and also marked by a 
peak was the moment when it was turned off again. Additionally it can be noticed that both dry cranking 
scenario’s affected the BC levels. Furthermore, both engine bleed tests were generally characterized 
by BC levels close to the baseline measurements, with the exception during taxy in the first bleed air 
test.  
 
An increase of organic acids—particularly valeric acid—parallel to an increase in less specific aldehydes 
was detected during the artificially provoked oil-contamination event. As an indicator for an artificial oil-
contamination event the recorded increase of the C2, C5, C7 acids and the C1, C2, C3 aldehydes seem 
to be the most suitable markers. This result is consistent with the chemical nature of the engine oil, 
which consists primarily of synthetic fatty esters containing C5-C10 saturated carboxylic acids as 
precursors. Moreover, the increase in non-ortho-TCP isomers during the odour event indicates the 
contamination of bleed air by jet engine oil. The concentration is negligible compared to other 
organophosphates, however, which probably originated from hydraulic fluids, or the aircraft 
environment. It may be assumed that TCP isomers are readily discriminated in the air supply system, 
given their low volatility and the multiple pressure and temperature changes and deflections between 
engine core flow and the air supply to the aircraft cabin. 
 
The odour analysis of offline samples also indicated the influence of organic acids on odour perceptions 
during the event, although the baseline sample in the cabin indicated a similar contamination pattern. 
As explained, GC-Olf is highly vulnerable to contamination of the sampling tube, including the outside 
surface of the sampling tube, due to the different thermo-desorption process in GC-Olf analysis.  
 
In general, the results from various measurement technologies and processes used during this test 
exhibit differences. Nevertheless, the correlations between the contamination profile and the odour 
event are generally equivalent, and the quantifications of the main pollutants is on the same order of 
magnitude, with the exception of few substances that are regarded either as artefacts from Tenax or as 
resulting from pollution due to the sampling environment (e.g. phenol from electronic racks) or the 
handling of the sampling tubes. The overall picture is plausible and consistent. 

5.3.6 Conclusions and recommendations 

This summary provides the conclusions for results of cabin air quality measurements performed on 
board of a long range twin-aisle test aircraft on the ground as part of the FACTS project. The ground 
test was planned short term and performed as a substitute test only after the original planned flight test 
2 was aborted due to a critical systems error. The ultimate objective of this test was the recording of 
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cabin and cockpit air quality during a deliberate and artificially generated oil odour event. This was to 
be achieved by a method that was created for this exact purpose and is not utilized during normal 
aircraft operations. The ground test sampling was performed during so called baseline and during the 
oil contamination event. The baseline condition is defined as the normal pollution during aircraft 
movement on ground under normal operating conditions. The event condition is to be understood as 
the situation on ground with the artificially generated pollution of the bleed air system by manipulation 
of one engine. The background environmental contamination is considered constant during both 
measurements.  
The test profile resembles closely the layout of a normal engine run. The difference lies in the application 
of two abnormally long dry cranking procedures of 120 sec and 240 sec to create the two artificial oil 
odour events.  
 
The recirculation fans were off during the whole ground test period, therefore the supplied air consisted 
completely from incoming conditioned bleed air. This ensured that all measurement devices could 
capture the same artificial oil contamination independent of their position. 
 
In this study, physicochemical and chemical measurements were executed during a modified engine 
run on ground. The measurements included volatile, semi-volatile and particle-bound contaminants 
present in cockpit and cabin air under baseline conditions and an artificially provoked engine oil 
contamination event. Given the small number of samples, caution is advised when interpreting the 
results. The following conclusions can nevertheless be drawn based in the results of this study.  

 
For the online sampling devices the following points can be reiterated.  

 All of the Ion-Mobility Spectrometry (IMS) devices recorded significant indications of one 
specific oil marker substance, which is a reliable decomposition component from the thermal 
processing of oil vapours. The Rolls Royce Smell Scale (RR SS) implemented in the Aerotracer 
indicated a high point with a value of 4.5 RR SS in the cockpit. In contrast, during the baseline 
conditions, the devices recorded only background noise without any oil-marker identification. 
These results are consistent with the Airbus test experience.  

 The concentration of ultrafine particles (UFP) measured in the cabin increased during the 
contamination event. The concentration peaked at 2.8*106/cm³ (EEPS) and 1.5*106/cm³ 
(Partector 2). The highest particle peaks recorded were reached about the same time as the 
cockpit Aerotracer oil marker readings. On the other hand the baseline indicates a steady 
concentration of around ~2*105/cm³ particles on both UFP devices, with no peaks. 

 The UFP EEPS device recorded the particle diameter size distribution as well. Generally the 
particle diameter size distribution seems to be composed mainly of particles with lower diameter 
sizes under 20 nm. In a comparison of the particle size distribution between the baseline and 
the two events it is visible that the maximum of recorded particles stays at a similar particle 
diameter size (~9.31 nm for the baseline size distribution, ~12.4 nm for the first event and ~10.8 
nm for the second event). The number of particles increases for each diameter size interval. 
The number of recorded particles increases during the events, especially for the smaller 
diameter size intervals up to ~20nm. For the events increasing particle sizes ranging from 40 
nm through 100 nm were also detected, which had not been detected during the baseline 
measurements 

 Furthermore the EEPS particle size distribution in a logarithmic scale slightly resembles a bell 
curve, which could indicate that smaller particles not recorded due to the lower measurement 
limit of the EEPS (5.6 nm) may complete the bell curve.  

 The online measurement using the PTR-MS (Proton Transfer Reaction Mass Spectrometry) 
directly at the fresh-air supply ducting to the cockpit indicates that the mass-to-charge ratio 
curves recorded exhibited a high peak correlating to the contamination event. Corresponding 
substances identified from the offline sampling were used for substance identification. 

 The mass number of valeric acid on the PTR-MS demonstrates a clear response during the 
second event, with a high point of 23 μg/m³. This value is consistent compared to the oil marker 
peak height reading of ~100 from the cockpit Aerotracer. The same behaviour was observed in 
previous Airbus laboratory tests, where the device read-out was compared with semi-
quantitative calibration campaigns (not part of this study). 
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 Acetic acid, although constantly present from the beginning, increases slightly after the second 
event to ~23 μg/m³. In contrast, the results reveal that the event led to a clear increase from 
formaldehyde to 11.8 μg/m³ for the first and 16.8 μg/m³ for the second event. Further the mass-
charge-ratio for C3H6O peaks at 34.6 μg/m³ and 44.5 μg/m³ during the events respectively. This 
mass may represent especially the substances acetone and propanal, which both should have 
been determined in the grab samples. 

 None of the masses corresponding to organophosphates examined with the PTR-MS indicated 
concentrations above 0.5 μg/m³, which can be considered as system noise. In contrast tri-butyl 
phosphate reached concentration up to 35 μg/m³ according to the offline sampling. Although, 
PTR MS is not the best method for determination of organophosphates, previous experience 
indicated that Tri-butyl phosphate (TBP) is reasonably detectable. Consequently the more likely 
explanation for this particular difference is that the PTR-MS measured only the fresh air supply, 
while TBP is known to be a substance used in hydraulic fluids. This would also explain the 
greater occurrence in the cabin and cockpit, due to emissions from local sources (hydraulic 
leakages, contaminated gear pins, contaminated clothing of mechanics).  

 
For the offline sampling the following conclusions can be drawn. 

 Valeric acid (pentanoic acid) was not detected during the baseline test, and it clearly increased 
to 30-40 μg/m³ during the event. Concentrations measured in the cabin were ~60% lower than 
measurements in the cockpit. These measurements correlate well with the IMS-recordings, in 
which the oil marker detection increased slower in the cabin compared to the cockpit.  

 During the baseline tests, only acetic acid was detected in the cabin and the cockpit. All other 
alkanoic acid were below the detection limit of 2.0 µg/m3.  

 Alkanoic acids in the range between acetic acid and heptanoic acid increased during the 
contamination event.  

 Concentrations of formaldehyde, acetaldehyde, acetone, propanal, and butanal distinctly 
increased during ground test event. Acrolein concentrations measured during baseline and 
ground test event remain at a level of respectively 4 and 3 µg/m3. Benzene concentrations 
measured during baseline and ground test events remain unchanged and amounts between 
2.1 – 3.6 µg/m3. Benzene is typically emitted by automotive emission caused by car movements 
on the airport itself.  

 During baseline all C9-18 alkanes were below the detection limit of 1.0 µg/m3. The concentration 
of C9-18 alkane increased slightly during ground test event (1.1 - 3.9 µg/m3).  

 No mono-, di- or tri-ortho isomers from Tri-cresyl phosphate (TCP) were detected during the 
baseline or ground events.  

 During baseline test, no tri(m, m, p)-cresyl phosphate, tri(m, p, p)-cresyl phosphate or tri(p, p, 
p)-cresyl phosphate were detected. 

 During the events, tri(m, m, p)-cresyl phosphate, tri(m, p, p)-cresyl phosphate and tri(p, p, p)-
cresyl phosphate increased in  in concentration ranging from 0.010 to 0.029 µg/m3.  

 In both the baseline test and the test events, TBP was observed consistently in the cabin and 
the cockpit. TBP concentrations measured in the cabin during baseline were comparable, 
ranging from 5.65 to 7.36 µg/m3. TBP concentration measured in the cockpit during the ground-
test events increased from 3.6 µg/m3 to 12.4 µg/m3. 

 TBP concentrations measured in the cabin and the cockpit during baseline test and ground-
test events were above the AGÖF P90 value of <1μg/m³. The concentrations observed were 
also higher than those typically found in measurement campaigns on in-service aircraft. One 
possible explanation is that this measurement was conducted on a test aircraft, which 
presumably undergoes more mechanical modifications (including modifications of hydraulic 
systems) and harsher flight conditions than is the case for in-service aircraft. In addition, the 
cabin areas are less hermetically separated from the aircraft’s external environment on ground. 
An increased level of hydraulic fluid contamination in the cabin and the associated outgassing 
seems plausible. 

 Tris(1-chloro-2-propyl) Phosphate (TCPP-1) and Bis(1-chloro-2-propyl) (2-chloropropyl) 
Phosphate (TCPP-2) were consistently found in the cabin and the cockpit in both the baseline 
test and the ground-test events. TCPP-1 concentrations measured in the cabin during the 
baseline test ranged from 0.195 to 0.487 µg/m3. TCPP-2 concentrations measured in cabin 
during the baseline test ranged from 0.091 to 0.217 µg/m3. 
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 TCPP-1 concentration measured in the cockpit during the ground-test event increased from 
0.226 µg/m3 to 5.95 µg/m3. The TCPP-2 concentration measured in the cockpit during the 
ground-test event increased from 0.072 µg/m3 to 1.47 µg/m3. In general TCPP is used as a 
flame retardant and applied as additive in different products, like electrical and electronic 
products. The cockpit is an area where a lot of electronic equipment is placed in a relative small 
space. Hypothesis is, that during the ground test temperatures in de electronic board will rise 
in temperature more than under normal conditions, resulting in an increase of TCPP's. 

 
On the whole, the release of organic acids—primarily valeric acid—from the synthetic fatty ester (jet 
engine oil) was apparently the main contributors to the odour event experienced. In general, the 
occurrence of C5 to C8 saturated carboxylic acids in correlation to the odour occurrence were evident 
and plausible. Increased concentrations of aldehydes—particular formaldehyde and acetaldehyde—
were also observed, and this may have contributed to the odour perception. However, compared to 
valeric acid and heptanoic acid, both of which exhibited unusual concentrations (exceeding AGÖF P90) 
relative to other indoor environments during the odour event in the cockpit. The afore mentioned 
aldehyde concentrations were elevated, but not exceptionally high (i.e. below AGÖF P90). As an 
indicator for an artificial oil contamination event the recorded increase of the C2, C5, C7 acids and the 
C1, C2, C3 aldehydes seem to be the most suitable markers.  
The steep increase of ultrafine particles at the beginning of the odour event might have been a good 
indicator for fresh contamination with engine oil. It is nevertheless important to consider that the 
occurrence of ultrafine particles is not exclusive, and it is likely to be mixed up with other sources e.g. 
engine exhaust or condensation. 
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6 Exposure monitoring: ECS Swap sampling (Task 2) 

6.1 Reading guide 

A separate confidential report has been produced for this sub-deliverable.  
Environmental Control System (ECS) Pack surface samples (FACTS-D7-T2.5) 
 
A summary is presented in Section 6.2. 

6.2  Summary report,’’ ECS Swap sampling’’: (Sub-task 2.5) 

6.2.1  Introduction 

Aircraft bleed air, if contaminated with pyrolized fluids or any other chemical compounds present in 
ambient air, needs to pass a long path from aircraft envelope to cabin. Many ventilation system 
components are installed along this path, including valves, sensors, ducts, pre-coolers and ozone or 
combination hydrocarbon convertors. Components of the Environmental Control System (ECS) pack 
(e.g. heat exchangers, air-cycle machine, water extractor, valves and by-pass ducts) are significantly 
affected by environmental conditions (e.g. air and surface temperature, pressure and velocity). This has 
an impact on the chemical composition of deposits and desorption from these surfaces. Their impact 
on the quality of bleed air and amount of contaminants within the ECS pack is not well understood nor 
published in open literature.  

6.2.2  Objectives and scope 

The objective of this research is to characterise volatile, semi-volatile and particle-bound contaminants 
present in the Environmental Control System (ECS) by chemical analysis of residuals collected from 
internal surfaces of ECS parts.The ECS parts as received are collected at a certified maintenance 
facilities for service and cleaning. The residuals were collected prior to the disassembly and cleaning 
of the ECS components.  
 
Although it is not possible to link the findings from this campaign directly to the quality of bleed air for a 
specific aircraft— especially given the limited available history of aircraft operation and maintenance —
the objective is to provide novel information about what might have been present in the bleed air and 
what might have eventually been desorbed on surfaces of several ECS parts.  

6.2.3 Methodology 

6.2.3.1 ECS pack representativeness for cabin air quality issues 

The parts of ECS packs are serviced either on the wing or in a certified service centre. Regular 
scheduled functional and operational checks (e.g. valve and sensor inspections, scheduled water 
washing of the interiors of heat exchangers) may be performed on the wing. Some maintenance checks 
may be performed in response to irregularities identified by operators in various environmental 
parameters (e.g. temperature, pressure, sound, odour), which usually lead to mechanical wear. In other 
cases, entire ECS packs (from small aircraft) or individual ECS pack components may be disassembled 
and sent to a certified service centre for maintenance. Failures of ECS pack components (like those 
mentioned above) are typically caused by contamination with dirt/sand and carbon, as well as by 
corrosion and water contamination. The maintenance process involves repairing mechanical defects, 
cleaning the unit (both internally and externally) and restoring the performance and condition to 
certification specifications. 
 
Bleed air contamination may be more closely related to maintenance strategies for the aircraft as a 
whole, and not for individual ECS components. For example, if an APU is over-serviced by oiling, this 
could lead to oil contamination in an ECS pack. The contamination would thus not be caused by a 
component of the ECS pack. Contamination with de-icing fluid is another example. Odour complaints 
account for less than 10% of all ECS packs are received in the service centre. It is important to note, 
however, that odour complaints are not necessarily related to pyrolysed oil or hydraulic fluid potentially 
present in bleed air. Substantial oil-based contamination accounts for a very low share of all ECS packs 
received in the service centre. Sampling from a range of ECS pack components received for 
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maintenance due to various reasons (not necessarily associated with odour events in the cabin) could 
provide a novel baseline for comparison, in addition to assessing how common oil contamination is.  
 
Only limited information is available about each ECS pack component that is serviced. Information 
accompanying each wipe sample in this study includes component history (hours and cycles flown), tail 
number and type of aircraft. The complexity of information provided to the FACTS programme with 
regard to the ECS components received for maintenance varied. Each ECS component sampled was 
accompanied by a photo of the wiped surface before and after the sample was taken. 
 
6.2.3.2 Selection of ECS pack components and wipe sampling location 
Contaminants in bleed air could be in form of gases, vapours, liquid aerosols and particulates. These 
contaminants can be deposited on ECS pack surfaces. Cold surfaces and surfaces with high 
temperature or pressure variations during ECS pack operation are of particular interest, as some bleed 
air contaminants could be prone to condensation. An example of an aircraft ECS is depicted in Figure 
6.1. 
 

 
 
Figure 6.1 Example of an aircraft environmental control system (ECS) 
 
In most cases, outside air is bled from a low (intermediate) or high-pressure bleed port at various 
temperatures and pressures given by engine design and actual power settings. This is the highest air 
temperature in the bleed air system. In some systems, a pressure regulator shut-off valve is positioned 
on the engine high-pressure compressor stage, where its function is to shut off engine bleed air, 
regulate its pressure and limit the engine bleed temperature. While in the engine’s structural envelope, 
air is cooled in a pre-cooler by air that bypasses the main engine core. Pre-coolers are designed to cool 
air to approx. 200°C. After it is cooled, the air is drawn to a primary heat exchanger (PHX), where it is 
cooled by ram air to aproxx. 90°C (ranging from 10°C to 130°C, depending on actual aircraft operational 
conditions). The PHX and compressor inlet share the same temperature and pressure. In a compressor 
stage of the air cycle machine, air temperature is increased by an average of 50°C. In the secondary 
(main) heat exchanger, the air is cooled by ram air to about 20°C (ranging from -20°C to 40°C). The 
lowest temperature in the ECS pack would be typically found in the turbine outlet of the ACM. Although 
the temperature variations described here differ across the various aircraft platform ECS packs, they 
should theoretically follow a similar pattern. 
 
A limited number of wipe samples were taken from different ECS parts and analysed to provide unique 
information on bleed air contamination residuals trapped within ECS pack surfaces during aircraft 
operation immediately before scheduled or unscheduled removal for maintenance. 
 
The following ECS components were selected and subjected to wipe sampling. Number in the 
brackets refer to locations in Figure 6.1. Actual examples of components are shown in Figure 6.2:  
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 Pressure regulator shut-off valve 1), located between a bleed port and a precooler.  

 Primary heat exchanger inlet (2) and outlet (3). 

 Secondary (main) heat exchanger inlet (6). 

 Air cycle machine (ACM) turbine inlet (4) and  outlet (5) and compressor inlet (7) and outlet (8) 

 ACM fan area (9). 
 
 

       
Figure 6.2 Air cycling machine which includes compressor outlets, turbine outlets, ram fan (left), primary heat 
exchanger with outlets (middle left), main/secondary heat exchanger (middle right), and pressure regulator shutoff 
valve (right)  

 
Location of sampling area was finalized before each sample, based on convenience and observations 
to capture representative sizeable area. Size of sampled area was measured and photo recorded. As 
some ECS parts might have exhibited high gradients of contamination, larger area (up to 10 x 10 cm) 
was sampled (e.g. PRSOV). Other parts, for example ACM, come from various aircraft platforms and 
shape and size was different. Again, as large area as possible was sampled and recorded.  
 

6.2.3.3 Sampling procedure and method  

 

Sample 
number

Aircraft type Aircraft age 
(years)

ECS  part description

1 B737 9.6 PRSOV
2 B737 3.5 ACM turbine inlet
3 B737 3.5 ACM turbine outlet
4 A330 13.1 Main heat exchanger inlet
5 A320 10.8 Primary heat exchanger inlet
6 A320 10.8 Primary heat exchanger outlet
7 B737 20.1 ACM turbine inlet
8 B737 3.6 PRSOV
9 B737 11.7 ACM turbine outlet

10 B737 11.7 ACM turbine inlet
11 B737 11.7 ACM comp outlet
12 B737 11.7 ACM comp inlet
13 B737 11.7 ACM ambient Fan area
14 B737 7.3 PRSOV
15 A330 13.7 ACM comp outlet
16 A330 13.7 ACM turbine inlet
17 A330 13.7 ACM comp outlet
18 A330 13.7 ACM comp inlet
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The wipe-sampling method was based on the procedure developed by the Institut für Arbeitsschutz 
(IFA). In the study, IFA sampling kits were used to capture at least (5 x 5) cm² of surface. New, sterile, 
moistened circular wipes of approximately 3 cm in diameter were used. The hypothesis was that, 
although the quality of dry (IFA standard procedure) and wet samples should be the same or very 
similar, the quantities obtained through wet sampling were expected to be higher, as wet sampling 
allows for capturing deeper layers of ECS component surface contaminants (e.g. old deposits of surface 
contamination), if any. The wet-sampling method involved the use of new, sterile IFA wipes (identical 
to the type used for dry sampling) that had been moistened by acetone with 99% purity. Surface areas 
to be sampled were designated on the ECS component. Each area was then measured, with the aim 
of designating the wipe area horizontally, vertically and around the edge. Each wipe was then placed 
in a labelled Petri dish or vial, sealed and stored in a refrigerator at approximately 6°C for no longer 
than 14 days, after which they were shipped to the laboratory for chemical analysis. Figure 6.3 shows 
a wipe before and after sampling by wet method. 
 
 

 

Figure 6.3 Example of a wet wipe before and after sampling an ECS component surface. 

IFA wipes were analysed for the following chemical compound groups: 

 Organophosphates (32 different compounds)).  
 Organic acids (15 different compounds, range C2-C20). 

o C3, C4, C5, quantitative analyses.   
o C2, C6, C7-C20 semi quantitative analyse. 

 Polycyclic aromatic hydrocarbons (PAH), 16 EPA PAH, quantitative analyses. 

 Polychlorinated biphenyls (PCB), 7 indicator-PCB’s, congeners 28, 52, 101, 118, 138, 153, 180, 
quantitative analyses).  

 Elemental carbon/ Organic carbon (EC/OC), quantitative analyses. 
 
For EC/OC analysis, sterile quartz-fibre wipes with a diameter of 2.4 cm were used to wipe a pre-
selected surface. The selected surface areas were next to but separate from the areas where the dry 
and wet sampling was performed. Each wipe was then placed into a sterile, labelled Petri dish or sterile 
vial, sealed and stored in a refrigerator at approximately 6°C for no longer than 14 days, after which 
they were shipped to the laboratory for chemical analysis.  

6.2.4  Results and Discussion 

The number of observations from this random (a-select) set of samples is low. Caution is therefore 
advised when interpreting the results. Moreover, the lack of publicly accessible literature on the 
chemical characterisation of deposits from the inner surfaces of ECS makes data comparison not 
possible.Furthermore, there is no scientific prove yet if internal surfaces of ECS parts are homogenious 
coated with deposits, so no rough calculations can be made for a total concentration of chemicals in 
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deposits for a total area of a certain ECS part. Table 6.1 provides an overview of ECS components and 
related limited aircraft data. 

Results of organophosphate concentrations in deposits on the internal surfaces of ECS parts 
No mono, di and tri ortho-cresyl phosphates were measured above the detection limit of 0.00001 
µg/cm2. In all ECS parts, m/p isomers of tricresyl phosphate were identified. The total concentration of 
m/p TCPs ranged from 0.00001 to 0.02072 µg/cm2. In addition to the m/p isomers of TCP, 7–13 
individual OPCs were frequently found in all ECS parts. The frequencies of the organophosphates 
identified in ECS parts are presented in Table 6.2, expressed as a % of the total number of samples. 
 

Table 6.2 Frequencies of organophosphates identified in % of the total number of ECS part samples  

  
 
As shown in Table 6.2, besides the TCP(m/p)isomers ,the most frequently detected organophosphates 
were TCPP-1, DBPP, BDPP, TBP, TPhP and diphenyl EHP, which were present in more than 70% of 
ECS parts sampled. 
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Table 6.3 presents an overview of the OPCs identified in the highest concentrations in ECS parts. 
 

Table 6.3 Maximum concentrations of individual OPCs identified in ECS parts 

 
 
Tri-n-butyl phosphate was found in relatively high concentrations in ECS parts, as compared to other 
organophosphates. These findings are similar to the results found in cockpit and cabin air samples 
taken from Flight Tests 1 and 2.  
 
Dibutylphenylphosphate (DBPP) was found in the ACM turbine inlet and outlet, as well as in the primary 
heat exchanger inlet. The DBPP concentration was relatively high compared to other 
organophosphates. The organophosphates DBPP and TBP typically originate from hydraulic fluids. 
 
An overview of average, minimum and maximum organophosphate concentrations in the different ECS 
compartments is presented in Figure 6.4, expressed in µg/cm2.  
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Figure 6.4 Sum of organophosphates (µg/cm2) found in deposits on internal surfaces of ECS pack 

 
The contribution of TCP (m/p isomers) to the total  measured organophosphates in the examined ECS 
parts, amounts to a minimum of 2 and a maximum of 44% for respectively PRSOV and ACM turbine 
intlet. 
 
TCP (m/p isomers), TCPP-1, DBPP, BDPP, TBP, TPhP and diphenyl EHP are most frequently 
found organophosphates in deposits and present in more than 70% of ECS part samples. 
 
The highest total OPC concentrations per cm2 were measured on visually lightly contaminated turbine 
outlet (avg of 3 samples was 0.046 g/cm2), followed by visually heavily contaminated ACM fan area 
(one sample 0.016 g/cm2) and turbine inlet (avg of 4 samples 0.010 g/cm2). 
 
Results for organic acids in deposits on internal surfaces of the ECS componentswThe total 
concentration of organic acids found in ECS parts, ranged from 0.123 to 4.59 µg/cm2, with an average 
concentration of 1.44 µg/cm2. Two acids—n-hexadecanoic acid and octadecanoic acid—were found 
predominantly in high concentrations in deposits on ECS parts.  
 
As shown in Table 6.4, acetic acid, hexanoic acid, nonanoic acid, n-hexadecanoic acid and 
octadecanoic acid were the most frequently found organic acids, having been present in more than 94% 
of the ECS part samples. 
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Table 6.4 Frequencies of organic acids identified in % of the total number of ECS part samples 

  
 
An overview of organic acids identified as having the highest concentration in each ECS part is 
presented in Table 6.5. 

Table 6.5 Maximum concentrations of individual organic acids found in each ECS part 
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An overview of average, minimum and maximum organic acid concentrations in the various ECS 
compartments is presented in Figure 6.5, expressed in µg/cm2. 

 

 

Figure 6.5 Total organic acid concentrations (µg/cm2) in deposits on the internal surfaces of ECS parts 

Results for EC/OC in deposits on the internal surfaces of ECS parts 
Concentrations of EC in the ECS parts ranged from 0.00004 to 2.2076 µg/cm2, with an average of 
0.3764 µg/cm2 (median 0.1365 µg/cm2).  
Concentrations of OC in the ECS parts ranged from 0.1947 to 22.71 µg/cm2, with an average of 3.312 
µg/cm2 (median 0.9111 µg/cm2). 
 
The average organic carbon content of total carbon ranged from 91% to 99% of the total carbon content, 
and elemental carbon content of total carbon was low, amounting to between 1% and 9%. The low 
concentrations of elemental carbon are in line with the results obtained for particle-bound PAHs. Note 
that EC and PAHs are typical contaminant products formed by incomplete combustion. Based on the 
EC results in combination with the PAH results, not much incomplete combustion is expected to occur 
during aircraft movements. 
 
An overview of average, minimum and maximum concentrations of elemental carbon in the deposits on 
ECS compartments is presented in Figure 6.6, expressed in µg/cm2.  
 

 

Figure 6.6 Elemental carbon (µg/cm2) in deposits on the internal surfaces of ECS parts 
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An overview of average, minimum and maximum concentrations of organic carbon in the deposits on 
ECS compartments is presented in Figure 6.7, expressed in µg/cm2.  
 

 

Figure 6.7 Organic carbon (µg/cm2) in deposits on the internal surfaces of ECS parts 

Results for PAHs and PCBs in deposits on the internal surfaces of the ECS pack 
PAHs were found predominantly in concentrations below or slightly above the detection limit range of 
0.00005–0.0001 µg/cm2. Total concentrations of semi-volatile PAHs (range naphthalene-pyrene) 
ranged from 0.00001 to 0.00030 µg/cm2, with an average of 0.00007 µg/cm2 (median 0.000005 µg/cm2). 
PAH concentrations from the heat-exchanger wipe samples (no. 4, 5 and 6) were below the LOD. 
Total concentrations of particle-bound PAHs (range benzo[a]anthracene-benzo[ghi]perylene) ranged 
from 0.00001 to 0.00051 µg/cm2, with an average of 0.00010 µg/cm2 (median 0.00003 µg/cm2). 
No detectable concentrations of seven-indicator PCBs were found in any of the ECS parts, with 
detection limits ranging from 0.000002 to 0.000013 µg/cm2. 
 
Comparison of the ECS parts 
In all, 18 samples from internal surface areas of nine various ECS parts were analysed. A summary of 
average concentrations per square cm for each ECS part is presented in Figure 6.8.  

 

Figure 6.8 Composition of all analysed chemical contamination in deposits on the internal surfaces of ECS parts 
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The results indicate that the deposits in the wipe samples consisted primarily of organic acids, and 
EC/OC. Compared to other ECS parts, turbine inlet- and outlet  shows the highest concentrations for 
organic acids and EC. 

As depicted in Figure 6.9, PAH, PCB and OPCs were present in less than 1% of the contents of each 
sample. Turbine inlets and outlets contained the highest amounts of carbon, as compared to all other 
parts investigated. Although the OC content in turbine inlet and outlet was high, it should be interpreted 
with caution, as the results are based on only a few random, a-select samples. With regard to PRSOV, 
as expected, the first component exposed to any bleed air contamination had the lowest total amounts 
of organic acids and EC/OC. 

 

Figure 6.9 Composition of OPC, PAH and PCBs (<detection limit) analysed in deposits on the internal surfaces of ECS 
parts 

Comparison to Flight Test 1 
Wipe samples were also taken from the bleed air duct between the main engine and the ECS pack 
during the FACTS investigation (Test Flight 1). Samples were taken before the reference flight, as well 
as between the reference flight and the test flight, and after the test flight.  

The Flight Test 1 results for PAH and PCBs are comparable to the results of this wiping study. In almost 
all cases, the concentrations of PAHs and PCBs are below the detection limits specified in the 
measurement methods. For organophosphates as well, most of the organophosphates found in the 
ECS part-wiping study are clearly comparable to those identified in the Test Flight 1 study. The total 
OPC concentrations determined for PRSOV in this study are of the same order of magnitude as the 
total OPC concentrations found during Flight Test 1.  

Visual inspection vs. measured contamination levels 
Two ECS parts visually appeared heavily contaminated with sedimented dark muddy soot (ACM turbine 
inlet (sample 2) and ACM ambient fan area (sample 13). Results from these parts were compared with 
visually medium and lightly contaminated  ECS parts. The results showed that the highest total OPC 
concentrations (0.046 g/cm2) were found on visually lightly contaminated turbine outlet. Lower total 
OPC concentrations were typically found on visually heavily contaminated ACM FAN area (0.016 
g/cm2) and tubine inlet (0.010 g/cm2). Compared to less dirty surfaces, heavy dirty surfaces were 
typically related to higher OC concentrations. 
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Conclusions: ECS wipe sampling 
 Wipe samples were dominated by concentrations of organic carbon and organic acids. 
 The contribution of TCP (m/p isomers) to the total  measured organophosphates in the 

examined ECS parts, amounts to a minimum of 2 and a maximum of 44% for respectively 
PRSOV and ACM turbine intlet. 

 Less than 1% of the total chemical substances measured is related to organophosphates. For 
PAH and PCB this is less than 0.02%. 

 The OPCs with the highest concentrations found in ECS samples were tri-n-buthyl phosphate, 
tris(1-chloro-2propyl) phosphate and dibutyl phenylphosphate. 

 No mono-, di- or tri-ortho-cresyl phosphates were detected above the detection limit of 
0.00001 µg/cm2. 

 In all parts of the ECS, m/p isomers of tricresyl phosphate were identified. 
 The average organic carbon (OC) content ranged from 91% to 99% of the total carbon content. 

The elemental content (EC) content of total carbon was low. 
 The results clearly indicate that PAHs were found primarily in concentrations below or slightly 

above the detection limit range of 0.00005–0.0001 µg/cm2. The absence of PAH in deposits is 
consistent with the results from Test Flight 1 for the cockpit and cabin-air samples, as well as 
for the wipes taken from Bleed Air Duct HP2. 

 No detectable concentrations of the 7-indicator PCBs were found in any part of the ECS. The 
detection limit ranged from 0.000002 µg/cm2 to 0.000013 µg/cm2. The absence of PCBs in 
deposits was consistent with the results from Test Flight 1 for the cockpit and cabin-air samples, 
as well as for the wipes taken from Bleed Air Duct HP2. 

 The results of visual inspections did not correlate to the total amounts of contaminants 
analysed. Visual light contaminated surfaces contained less OPCs compared to visual heavily 
contaminated surfaces. 
 

Recommendations for ECS Wipe Sampling 
 Sample ECS components directly at the aircraft before they are shipped to MRO, and sample 

from all possible parts of ECS, in order to provide a complete picture of a given aircraft. 
Consider that the individual components of ECS may have different histories on particular 
aircraft, as they may have flown on other aircraft before. 

 Expand the dataset and scope, in order to understand how the deposited chemicals would 
impact bleed air concentrations, and thus exposure doses to passengers and crew.  

 Expand the study to sample ECS ducts, APU ducts and mixers. 
 Given the current lack of scientific evidence that exists concerning the  homogeneity of the 

coating with deposits of internal surfaces of ECS parts, no rough calculations can be made for 
a total concentration of chemicals in deposits for the total area of a particular ECS part. 
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7 Toxicological risk assessment (Task 3) 

7.1 Reading guide 

Four separate public reports are available for this sub-deliverable.  
- Preliminary Experiments, (FACTS D7-T3A.1). 
- Assessment of six fumes generated with mini-BACS (FACTS-D7-T3A.2)\. 
- Bioassay assessment and limited mice inhalation study (FACTS-D7-T3A.3). 
- Toxicological Risk Assessment Methodology (FACTS-D7-T3B). 

 
Brief summaries are presented in Sections 7.2–7.4. 

7.2  Summary report,’’ Preliminary experiments’’:( Sub-task 3A-1) 

Background 
Compounds inhaled from fumes generated during in-flight fume events could potentially affect the 
human nervous system. Within the FACTS programme, the aim is to screen various mixtures of 
selected fumes for possible neurotoxicity hazards. To this end, in-vitro systems (e.g. the zebrafish 
neuromotor assay and the neuronal cells in the MicroElectrode Array/MEA) are used as a first step. 
Preliminary experiments were conducted in order to test the effect and toxicity range of oil-compound 
tricresylphosphates (TCP) and oil-fume mixtures on zebrafish embryos and neuronal cells. The 
zebrafish assay also required the optimisation of an effective procedure for trapping a sufficient volume 
of oil fumes and mixing them into the fish medium. 
 
Materials and methods 
First, the effect concentration range and toxicity of a technical TCP mixture was tested by adding it 
directly into the fish and MEA-cells medium used in the neurotoxicity tests. Second, to optimise the 
fume-trapping system, commercial Eastman 2197 oil was heated by dropping it onto a hotplate that had 
been heated to 500°C (small-scale oil fume generation). The fumes generated in this manner were 
guided through glass tubing into a 150-mL impinger (flask). Fume trapping was performed in several 
ways: cold trapping using one or two serial liquid N2-cooled impingers; trapping into an ice-bath-cooled 
impinger filled with fish water; and trapping using a set-up of a liquid N2-cooled impinger in series with 
an impinger filled with 100 mL glass beads/50 mL fish water, at room temperature. Finally, the serial 
cold-trap/glass beads set-up was also tested when connected to a small-scale Bleed Air Conditions and 
Contamination Simulator (mini-BACS) system. This system included an oil-spray nozzle, a mixing 
chamber and a tube oven (200–500°C, 3 bar). This test was intended to determine whether a sufficient 
volume of fumes (100–200 mg) could be trapped in a one-day run. 
 
The efficacy of trapping the fume components in the impinger and transferring them to the fish/cell 
medium was examined. Particle-trapping efficiency was monitored using online samplers (SMPS or 
DSM500 devices) or a low-pressure impactor for particle collection at the inlet and/or outlet of the 
impinger. Full-scan organic-compound profiles were made of these particles, the trapped oil and fish 
water using GC-MS. The transfer of the compounds from the fumes or trapped oil into the watery fish 
medium was tested either immediately or after longer-term mixing. For this procedure, the collected oil 
was mixed into fish water (ratio of 500 mg per L fish water) at room temperature for 2–3 days, before 
testing this Water-Accommodated Fraction (WAF). In the in-vitro zebrafish embryo neuromotor assay, 
five neuromotor parameters were viewed using an infrared camera. The MEA test was used to assess 
cortical neuron activity in the rat cell. For estimating acetylcholinesterase (AchE), neuropathy target 
esterase (NTE) and carboxylesterases (CaE) activity, a methodology was developed using zebrafish 
larvae homogenates. For this procedure, exposed and control embryos were each pooled and 
homogenised in liquid N2, after which they were crushed and centrifuged, and the supernatant was 
frozen. This extract was diluted to a certain protein concentration, and the CaE and NTE activity was 
measured by quantifying the substrate conversion in a spectrophotometer. Inhibition was determined 
by normalising activity in exposed vs non-exposed zebrafish larvae.  
 
Results 
In the tests with the technical TCP mixture, both the neuromotor activity of the zebrafish and the 
spontaneous electrical activity of the network of primary rat cortical neurons in the MEA were affected 
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in the same TCP concentration range of 1.5–7.4 mg/L. Furthermore, more than 90% inhibition of the 
CaE and NTE activity was observed for 0.375-6 mg/L TCP. 
 
One main issue associated with the zebrafish test involves sampling enough oil to allow examination of 
the neuromotor activity of 2x24 embryos for each test compound. This test required a sample of about 
100mg of oil. This would be  feasible using a small-scale set-up for an oil-fume generation lab with 
relatively high oil ‘injection’ and relatively limited oil losses in the compact system, prior to the oil 
trapping. It was observed that the mini-BACS set-up was associated with more oil losses in the system. 
The large BACS set-up at Frauenhofer will therefore be required to collect the samples for the zebrafish 
assay. 
 
Although the small-scale oil-fume generation set-up used during the preliminary experiments allowed 
for trapping a sufficient volume of oil condensate in the liquid N2-cooled impinger (cold trap), some 
particle breakthrough occurred. The median diameter of the particles at the outlet of the impinger was 
between 120 and 170nm. More complete fume trapping was achieved using the combination of a cold 
trap in series with an impinger filled with glass beads/fish water. This system trapped 80% of the UFP, 
as compared to only 34%–44% using a liquid N2-cooled impinger alone. Although some of these 
particles originated from breakthrough, they most probably originated from nucleation in the cold 
impinger. The chemical-profile composition of these particles nevertheless appeared to be similar to 
that observed in the cold-trapped oil in the impinger. This means that there was some limitation in the 
amount, but not in the kind of compounds trapped in the cold trap.  
 
The composition of the cold-trapped fumes from heated Eastman oil indicated that the TCP level 
analysed in three successive experiments (spread over a period of five months) was always between 
1.6% and 1.9% TCP. Each time, the full GC-MS profile consisted of the same type of components, 
consisting primarily of the following: TCP isomers, carbon hydrates, aromatic compounds and, possibly, 
some esters. After heating, the pattern of the original oil was present as well, except for thermal-
degradation products of lower molecular weight that were observed in the chromatograms. 
 
Initially, the exposure of zebrafish larvae to the cold-trapped oil was not successful when simply mixing 
the condensed oil into fish water. The most likely explanation is that the oily compounds were not bio-
available. Neuromotor impairment effects in the zebrafish assay were observed after shifting to the 
WAF approach, in which the optimal stirring time for the trapped oil was three days. Oil was mixed into 
the fish medium to achieve a final theoretical concentration in the range of 6 mg/L TCP. The impairment 
of the parameters ‘distance moved’, ‘velocity’, ‘movement frequency’ and ‘movement duration’ was 
similar to that observed in zebrafish exposed to a WAF extract of 5 mg/L technical TCP mixture. 
Remarkably, one neuromotor parameter—‘turning angle’—was not affected in the zebrafish exposed to 
cold-trapped oil, but it was affected when they were exposed to the TCP WAF. When performing the 
CaE and NTE activity test on homogenates of those exposed embryos, similar, strong enzyme inhibition 
(>90%) was observed in the homogenates of all cold-trapped and TCP-exposed zebrafish embryos.  
 
Conclusion 
The cold-trapping procedure (impinger in liquid N2) resulted in the highly repeatable trapping of the 
various components in the oil-fume mixture. Although some particles were lost due to breaking through 
the impinger, they were able to be captured partly with an additional impinger filled with glass beads/fish 
water, placed in series after the first impinger. Mixing the trapped oily substance into fish water was 
most effective when the condensate was mixed into fish water during three days before it was used in 
the neuromotor assay. Furthermore, the methodology of CaE and NTE enzyme-inhibition testing was 
successfully applied to frozen homogenates of those zebrafish. In summary, the approach consisting 
of fume trapping followed by WAF extraction, zebrafish neuromotor viewing and, finally, enzyme 
inhibition assessment is considered ready for testing the neurotoxic hazard of oil-fume mixtures. There 
are of course limitations to particle trapping using this approach. The particle size distribution, and the 
associated translocation, entering routes and target organs of the original fumes are moditied by 
trapping, and testing them submerged in-vitro assays, such as the zebrafish neuromotor assay and the 
MEA assay. 
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7.3  Summary report,’’Assess. of 6 fumes-mini-BACS-bioassay assess.’’:( Sub-task 3A-2) 

One point of continuous concern with regard to cabin air quality (CAQ) has to do with the potential 
health risks of fume events. Cabin crew have reported a wide number of symptoms, including dizziness, 
nausea, disorientation, confusion, lethargy, tremors and tingling of the arms and legs. Although the 
sources of air contamination in the aircraft cabin are quite clear, current information on the assessment 
of hazards associated with the mixture of chemicals from these sources is inadequate. 
Organophosphates, volatile organic compounds (VOCs) and carbon monoxide have been reported as 
the major three types of chemicals derived from the engine oil and hydraulic fluid at 500°C. In an aircraft, 
exposure to a complex mixture of a large number of different substances can occur during a fume event, 
in highly variable concentrations. One of the main problems in assessing the risks of CAQ is the lack of 
toxicity data for different fumes.  
 
The objective of this report is to predict the actual hazards arising from generated fume events, with a 
focus on the nervous system as most important target organ. To achieve this objective, different types 
of engine oils and hydraulic fluids were heated under laboratory conditions for chemical analysis and to 
predict their toxicity according to various bioassays. The engine oils and hydraulic fluids that were used 
were representative of those most commonly used in aviation, along with one tricresylphosphate-free 
(TCP-free) engine oil. Temperature and pressure settings were selected based on the flight test 1 data 
within the boundaries of the experimental set-up. 
 
Engine oils and hydraulic fluids were nebulised by pre-heated (90oC) air into a heated mixing chamber 
(90oC) with a spray nozzle. The spray nozzle was also preheated to 90oC, in order to decrease the 
viscosity and surface tension of the oil/fluid, thereby decreasing the droplet size. The oil/fluid was 
metred to the spray nozzle using an adjustable motor-driven syringe. The oil/fluid aerosol flow then 
entered the oven for pyrolisation. Pre-heated air was mixed with the aerosol at the entrance to the oven. 
The system was kept under pressure using a critical orifice downstream of the oven, along with a back-
pressure regulator. After expansion, the fumes/aerosol were ready for sampling. 
 
Two types of cold traps (CT) were used to collect oil or fluid distillate. The fume/aerosol mixture was 
characterised by particle number concentration (PNC), total volatile organic compounds (TVOC), 
carbon monoxide (CO), organophosphate compounds (OPCs), aldehydes and volatile organic 
compounds (VOC). Cell viability and cytotoxicity were assessed in human epithelium cells, and the 
neurotoxicity potential was investigated in primary rat cortical cultures through microelectrode array 
(MEA).  
 
The following conclusions were drawn from the results of the study: 
 
• Despite the stable conditions, which resulted in a steady output of test atmospheres, the cold-

trap procedure did not collect sufficient amounts of pyrolysates for ZITO to perform the required 
test in zebrafish. The amount required for the zebrafish test was 1ml, and the maximum amount 
collected was ±30 µl. 

• Collecting the test atmosphere on four parallel Teflon filters allowed for the sampling of 
sufficient amounts for IRAS-UU to perform the MEA test, as well as additional in-vitro toxicity 
testing on lung cells that guide the planned air-liquid interface exposure.  

• Both acute (0.5 h) and sub-chronic (24-48 h) exposure to oil fumes induced inhibition of 
neuronal activity in primary rat cortical cultures., hydraulic oil fumes have a higher neurotoxic 
potential (IC75s: 1-2.5 µg/mL) compared to engine oil fumes (IC75s: 22-49 µg/mL), evaluated 
using IC75s (calculated concentrations that inhibit activity to 75%). Increasing the duration of 
exposure from 0.5 to 48h reduced the neurotoxic potential of hydraulic oil fumes 4- to 10-fold 
(IC75s: 11-12 µg/mL). For engine oil fumes, increasing exposure duration to 48h  has limited 
effect on the neurotoxic potential of engine 4 (IC75: 32 µg/mL), decreased the neurotoxic 
potential ~2-fold for engine 1 (IC75: 90 µg/mL) and engine 2 (IC75: 45 µg/mL), but increased 
the neurotoxic potential ~3-fold for engine 3 (IC75: 11 µg/mL). Cell viability analysis indicates 
a limited cytotoxic potential, highlighting that the oil fumes exert a functional neurotoxic effect. 

• Expressed per milligram of condensate, hydraulic-fluid samples were more toxic than the 
engine-oil samples were at given doses of 4–500 µg/mL. For the same type of oil samples, 
toxicity may differ by brand of oil, and especially for the brand of engine oil used in the present 
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study. The chemical compositions in oil samples might constitute the most important factor 
affecting their toxicity. 

• Engine Oil fumes  1–4 exhibited mutually comparable chemical-profile results. Hydraulic Oils 1 
and 2 clearly differed from the engine oils. Major differences of condensates of hydraulic fluids 
compared to those of engine oil, include the very low organic acid and very low aldehyde 
content. 

• Concentrations of formaldehyde and acetaldehyde in the fumes of Engine Oils 1–4 ranged from 
a minimum of 81% to a maximum of 86% of the total aldehyde-ketone concentrations measured 
in the engine-oil fumes. 

• These results are subject to some study limitations. First and foremost, the miniBACS is a 
downsized and simplified representation of the situation of an aircraft system. Fumes generated 
and condensing in the system may be different in different realistic and other test settings. 
Second, the use of in vitro testing systems do not allow for a risk assessment or translation of 
exposure levels to potential health effects. The is due to differences in toxicokinetics (sampling; 
transfer from filters to medium) and the use of an in vitro bioassay that does not reflect the 
conditions in real life. 

7.4  Summary report,’’ Bioassay assess.- limited mice- study with mini-BACS’’:( Sub-t 3A-3) 

The central question in the FACTS project concerns whether exposure to neurotoxic substances formed 
during fume events in aircraft can cause the neuronal damage observed in cases of ‘aerotoxic 
syndrome’. One of the main problems encountered in assessing the risks associated with cabin air 
quality (CAQ) is the lack of data on neurotoxicity hazards for the majority of substances present in 
fumes. Moreover, the environment inside an aircraft involves potential exposure to a complex mixture 
of a large number of different substances in highly variable concentrations during fume events. 
Integrated measures of neurological function are required in order to conduct any reliable investigation 
of the influence of chemical substances or mixtures of compounds on the functioning of the nervous 
system.  
 
An in-vivo study was designed and prepared in order to test whether exposure to oil fumes exerts a 
neurotoxicologogical effect. The study involved the inhalation exposure of mice to oil fumes  and testing 
for neurotoxicity according to several behavioural and histopathological parameters. The in-vivo study 
was also planned to contribute to the search for biomarkers of exposure and effect. A neurobehavioural 
test battery was to be used to assess the effect of exposure to fumes on neurological functioning.  
 
The preparations for the in-vivo study included obtaining approval from the animal ethical committee. 
This required the submission of an application containing a detailed description of the rationale behind 
the study, the experimental design and the expected outcome. The FACTS project ended before this 
approval process was finalised. The planned experiments have yet to be performed. 

7.5  Summary report,’’Tox. Risk Assessment for Air Cabin Pollution’’: (Sub-task 3B) 

This FACTS project task involved examining the applicability of existing reference values for workers 
and general public for purposes of assessing the risks associated with chemicals in cabin air. During 
the flight, the cabin air environment differs from default environmental conditions in terms of ambient 
pressure, humidity, radiation and other characteristics. Existing reference values are not designed for 
the particular environmental conditions during flights. This calls into question the applicability of existing 
reference values for cabin-air risk assessment.  
 
The intrinsic toxicity (hazard) of chemicals does not change under different occupational (or other) 
conditions/settings. Changes in the exposure situation (e.g. ambient air pressure, ventilation rate or 
other physical conditions) may nevertheless have an impact on internal or external exposure and 
physiology—and therefore the toxicological outcome—in terms of health risk. The effects of 
occupational conditions on the human body also vary amongst individuals, depending on individual-
level risk-stratification factors, including Body Mass Index (BMI), smoking habits and underlying 
diseases. The potential of a chemical to cause adverse health effects is influenced by roughly three 
factors:  

- Nature of the chemical (e.g. physicochemical properties). 
- Exposure situation (e.g. physical conditions and exposure time). 
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- Individual risk factors (e.g. physical exertion, sensitivity and underlying diseases). 
  
Although air-crew members may face a unique combination of ambient physical factors and specific 
working conditions, most of these factors are relevant to the working environments of individuals in 
industrial settings around the world. The following factors were explored further in this study, in order 
to assess their effects on the exposure situation, and thus  the applicability of existing reference values: 
exposure duration and factors leading to differences in internal dose. Differences in individual factors 
are discussed as well. Although co-exposure to other chemicals or agents does not justify the 
adjustment of existing reference values in current occupational settings or for the general public, the 
application of a mixture-assessment factor has been suggested within the risk-assessment community. 
 
In terms of exposure duration, the number of exposure hours experienced by air crew over the course 
of a year are lower than compared to industrial settings. On a daily basis, however, the duration of 
exposure within a 24-hour period can sometimes exceed the TWA reference value of eight hours, 
although this is not common. The likelihood that longer daily exposures will increase the risks 
associated with a given chemical depends on the toxicokinetic and toxicodynamic properties of that 
chemical. For passengers, the reference value for the general population is highly conservative with 
respect to duration of exposure. 
 
In literature  no evidence was found that the hypobaric conditions experienced in the aircraft cabin 
influence internal exposure to chemicals at the same external concentrations that are experienced in 
the air at ground level.  
 
Based on this finding, there is no need to adjust existing reference values for application to the cabin 
environment. Only if exposure to a given chemical in cabin air approaches the reference value should 
additional attention be paid to the influence of longer exposure over 24 hours during the brief periods 
that are likely to occur several times a month. In general, reference values for the general public are 
lower than occupational reference values. In principle, occupational reference values can be modified 
to suit the general public if the point of departure (PoD) is known.  
 
Development of a risk-assessment framework specific for cabin air environments  
The robustness of a risk assessment depends on the method of the assessment and, even more 
importantly, on the available information on exposure and toxicity of the chemicals present in the 
environment. Uncertainty and the use of worst-case assumptions in risk-assessment predictions 
decreases as more information becomes available. It has been proposed to use different tiers, 
depending on data availability. Lower tiers result in highly conservative estimates of potential risks, 
which require less information and effort, but more assumptions. If the lowest tier does not indicate a 
health risk, there is no need to proceed to a higher tier. Higher tiers use more precise exposure data 
and more sophisticated assessment methods that provide a closer reflection of reality. Whereas first-
tier risk assessments indicate health risks, risk managers use higher-tier risk assessments to arrive at 
more accurate estimates of the presence and extent of specific health risks. Risk managers and 
policymakers can also choose to reduce exposures instead of incorporating further iteration and 
refinement into the risk assessment. At some point, it may not be possible to use a higher-tier risk 
assessment without gathering or generating more information. 
 
The basic structure of the framework for conducting risk assessments on cabin air chemicals has been 
derived from the EFSA guidelines on grouping approaches. The framework proposed in this study 
contains specific details for a dedicated risk assessment for chemicals present in the cabin air. It does 
not include details on how to perform risk assessment in general (e.g. critical study/endpoint selection).  
The risk assessment should include the following major steps: 

1. Problem formulation (scenario outline, methodology, analysis plan). 
2. Exposure assessment. 
3. Hazard identification and characterisation. 
4. Risk characterisation. 

 
It is possible to distinguish different sub-populations that are exposed to cabin air, including air crew, 
frequent flyers (predominantly working populations) and the general population. The latter can include 
individuals with greater sensitivity to the effects of chemical exposure (e.g. children and elderly people). 



 

Doc.nr: 
Version: 
Classification: 
Page: 

FACTS-D7 Overall Summary  
Final 
Public 
126 of 151  

 

 

Copyright © 
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of the quality level of the air inside the cabin of large 
transport aeroplanes and its health implication 

 

Exposure durations differ amongst the various sub-populations. Reference values indicate exposure 
levels that are intended to represent a safe level of exposure or an accepted risk level within a specific 
exposure situation. The proposal is therefore to compare the concentrations of chemicals in cabin air 
to their respective reference values. 
 
For chronic occupational exposure to cabin air chemicals, the following order of preference is proposed, 
given the variety of available OELs and similar reference values: 

1. OELs from the SCOEL or acceptable operator exposure levels (AOELs) from EFSA (if 
pesticides are involved). 

2. German national OELs (MAK values). 
3. Dutch national public OELs (Grenswaarde). 
4. The lowest OEL listed in Gestis. 
5. Long-term respiratory DNELs/DMELs for workers taken from chemical dossiers submitted to 

ECHA. 
 
For passengers, the WHO have developed indoor air-quality guidelines for selected pollutants. In 
addition, long-term DNELs for the general public are available in REACH chemical dossiers for 
situations in which consumer exposure is expected. It is important to note, however, that the latter 
reference values have been derived by the industry, and not by the relevant authorities. 
 
Chemicals in the cabin air that cause the same effects should be grouped together in assessment 
groups, based on similar actions/effects. The combined concentrations can be summed, with a 
correction for the potency of each chemical in comparison to a reference chemical within the same 
group. Summed concentrations are then compared to the reference value of the reference chemical. 
The chemicals for which very limited data are available may be grouped together with chemicals for 
which considerable information is available, based on structural analogy, physicochemical properties, 
kinetics or hazard information. In the first-tier risk assessment, all chemicals could be grouped together. 
This would assume that all chemicals contribute to the most sensitive effect for which a reference value 
was derived. This approach is highly conservative, as most chemicals do not actually contribute to this 
effect. The advantage of this approach is that it requires very little information. If the calculated 
(combined) exposure is below the lowest reference value, no health risks are expected. If the combined 
exposure is above this reference value, a higher-tier assessment (exposure or hazard) is needed. In 
lower tiers, the existing reference values of the identified chemicals are used for comparison to the 
combined exposure. At higher tiers, it may be necessary to perform a more detailed hazard assessment, 
taking note of the most important points of departure (PoD) or sensitive endpoints within a defined 
group. 
  
Risk assessment is an iterative process in which problem formulation, grouping and analysis plan are 
modified in light of new information or new analyses. The tiered approach describes the process of 
moving from the most worst-case (conservative) tier toward the most advanced (more realistic) tier. As 
a default, concentration addition is proposed in order to describe mixture effects. New insight might 
reveal different interactions (e.g. synergism, antagonism or response addition) between some of the 
chemicals in a given assessment group. At higher tiers, the groups that are formed should include such 
interactions, if known. The re-formulated groups should be described in the new problem formulation, 
including their PoD (for probabilistic assessment) or reference values. This should be followed by a new 
risk assessment. Risk managers and policymakers can also choose to reduce exposures instead of 
incorporating further iteration and refinement into the risk assessment.  
 
The results of this study emphasise that toxicological risk assessment is an approach for identifying and 
mitigating potential health risks at a population level. It does not establish causal links between 
exposure and the health effects experienced by individuals who have been exposed.  
 
For particulates, especially the ultrafine particles (UFP), the OECD test guideline to assess the hazards 
and dose-response curves of chemicals might not be suitable. Parameters such as size, shape and 
oxidative potential can influence the toxicity of these particles. It is therefore very important to 
characterize the UFP of interest well. New testing strategies are being developed particularly for UFPs 
to identify the most important parameters. In principle, when the hazard and dose-response of the UFP 
is known, exposure to UFPs can be included in the proposed risk assessment framework. Note that the 
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exposure assessment for UFP might be more difficult than for chemicals as particles can agglomerate 
or disintegrate over time/distance. It is recommended to follow the developments of current EU-
programs and the work of the OECD on UFP to see how exposure to UFPs could be integrated in the 
risk assessment of chemicals.  
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8 Engineering Controls: Risk-mitigation Strategy (Task 4) 

8.1 Reading guide 

A separate confidential report is available for this sub-deliverable.  
Final Report: Task-4: Mitigation Measures Report.  
 
An extended summary is presented in Section 8.2. 

8.2  Summary report,’’ Engineering Controls Risk-mitigation Strategy’’: (Task 4) 

8.2.1  Introduction 

For many years, mitigation measures for possible contaminations in bleed air have been a subject of 
debate. The contamination of bleed air from stratospheric ozone has been mitigated through the use of 
ozone converters or flight planning. Given that no measures are available for eliminating other 
atmospheric contaminants (e.g. volcanic ash), such contamination is mitigated through flight planning. 
For several reasons, a system that reduces engine-generated bleed air contaminants has yet to be 
certified and placed into aircraft service. One reason why the industry has not been able to develop 
mitigation measures has to do with the lack of profound insight into sources of contamination, as well 
as their possible impact on the health of cabin crew and passengers. The development of such 
measures further requires deep knowledge of integration requirements and the potential risks 
associated with their integration into flight-safety protocols.  
 
This Risk-mitigation Strategy report addresses the reasons stated above, in addition to contributing new 
knowledge and proposing preliminary risk-mitigation strategies that could potentially be brought to the 
market. The report provides an overview of various elements that could potentially be used in mitigating 
the general risk of air contamination by oil (or oil-based products) originating from the aircraft engine, 
as a source of bleed air. Several categories of mitigation measures are discussed: source elimination, 
source control, propagation restriction, propagation indication and remedy control. Several potential 
measures are discussed for each category. 

8.2.2  Objectives and scope 

The primary objective of FACTS Task 4 is to provide a risk-mitigation strategy for the work described in 
tender proposal MOVE/C2/2016-363, ‘Investigation of the quality level of the air inside the cabin of large 
transport aeroplanes and its health implication’. This objective is being pursued by reviewing candidate 
measures that could mitigate air-quality risks and by assessing the feasibility of these measures with 
respect to findings of Task 2 and Tasks 3 of the FACTS project, as well as with regard to the 
requirements for cabin air quality (CAQ), certification and aircraft integration. The most promising 
measures are provided with a list of recommendations for further research and integration. 
 
This research encompasses the identification of potential mitigation measures aimed at reducing the 
risk of exposure to engine-oil contaminants in the cabin and the cockpit, whether by reducing the 
extent of exposure to CAQ risks or by reducing the likelihood of its occurrence. The contaminant 
scenario includes both sudden and continuous exposure to engine oil. Short-term exposures are 
noticeable, and they are reported as smell, smoke or fume events. Long-term or medium-term 
exposures may not be recognisable as fumes or odours, and they presumably include low levels of oil 
leakage, evaporation from residual oil films and background levels. Furthermore, mitigating the risk of 
contamination from engine oil is aimed exclusively at current architectural bleed air systems, which are 
used on most aircraft. The proposed measures apply to the aircraft level, and they do not include the 
mitigation of contaminant sources originating outside the aircraft. 

8.2.3  Methodology 

Task 4 can be divided into two phases: A and B. The result of Phase A is this intermediate report, which 
provides a set of evaluated mitigation measures that can reduce the likelihood of CAQ risks and their 
effects. The measures are based on a literature review, expert knowledge and discussions with 
stakeholders, aimed at collecting information about possible work that is not yet available in the open 
literature. Identified gaps and recommendations for further research for the most promising measures 
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are indicated as well. In Phase B, the CAQ risk-mitigation strategy will be re-evaluated in light of the 
experiments and outcomes from Tasks 2 and 3. These new insights will be incorporated into an 
updated, customised risk-mitigation strategy. It is important to note that Phase B had not yet been 
completed at the end of the FACTS project. The results and conclusions stated in the sections below 
are thus not based on the outcomes of FACTS research. 
 
Various elements of the mitigation strategy have been determined, and they are presented in the 
following chart. These elements align with the prevention principles defined in the European Framework 
Directive on Safety and Health at Work (Directive 89/391 EEC, Article 6) (i.e. avoiding risks, …, 
combating risks at the source, …, developing a coherent overall prevention policy, …). The risk-
mitigation strategy is analysed at successive stages along the path that possible hazardous 
contaminants travel from the engine system towards the cabin: source elimination, source control, 
propagation restriction, propagation indication and remedy controls. The two remaining elements — 
current status/gap analysis and aircraft integration — cover all of these stages in an integral manner.  
 

 
Figure 8.1 Elements of a risk-mitigation strategy 

In the figure above, examples of mitigation measures are provided for each element of the strategy. 
They are explained in greater detail below: 

 Source elimination This strategy focusses on avoiding or limiting the usage of sources of oil 
contaminants. Given that eliminating engine oil is not an option, the hazardous compounds in 
the oil should be indicated, and their use should be avoided or limited.  

 Source control This strategy focusses on avoiding the entrainment of oil contaminants into the 
bleed air. ‘Failure modes and effects analysis’ (FMEA) can help to define the origins of the 
contaminants and the conditions under which they arise. The outcomes of this analysis can be 
used to establish procedures for resolving or improving bleed air contamination. 

 Propagation restriction This strategy focusses on effective technologies that restrict the oil 
contaminants in the bleed air from entering the cabin. 

 Propagation indication This strategy focusses on indicative technologies that emit a warning 
or signal when oil contaminants might have entered the cabin. 

 Remedy controls This strategy focusses on technologies that control the exposure of oil 
contaminants that have entered the cabin. These remedy controls either reduce exposure or 
diminish consequences of the exposure. 

Each element of the mitigation strategy focusses on a specific location along the bleed air path, as 
illustrated in the schematic rendering in the figure below. Source elimination and source control are 
determined primarily from the perspective of the engine. Propagation restriction and propagation 
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indication consider the path of bleed air from the engine bleed port through the air conditioning unit 
towards the cabin air-supply diffusers. Propagation remedy controls assume that contaminants have 
entered the aircraft cabin. At this stage, the contaminants should be indicated in their most recent form, 
and their effects should be controlled. Although indicators should ideally be placed as close to the 
engine as possible, their placement is usually constrained, due to flow, pressure and/or temperature 
restrictions. 

 

Figure 8.2 Schematic rendering of mitigation strategies. Adapted from FlightGlobal, Pall, Airbus 

8.2.4  Results and Discussion 

This section is divided into three sub-sections. The baseline CAQ requirement is summarised first, 
followed by an evaluation of current mitigation strategies for each risk-mitigation element and, finally, a 
set of suggested preliminary measures. 
 
Current requirements, means of compliance and gap analysis 
The standards prescribed by current EASA and FAA regulations  for specific cabin air contaminants are 
shown in the table below. In addition to requirements for fresh-air rates and dedicated limit values for 
carbon monoxide, carbon dioxide and ozone, the more abstract wording of the certification criteria for 
large passenger aircraft (CS/FAA Parts 25.831 and 25.832) requires enough fresh air ‘to enable the 
crew members to perform their duties without undue discomfort or fatigue’. The FAA provisions do not 
correspond exactly to those of the EASA. Instead, both regulations focus on ventilation with supposedly 
uncontaminated fresh air from outside. The means of compliance that the respective authorities request 
of aircraft manufacturers are largely concerned with providing evidence that the air supply, in general, 
is sufficiently high in any possible operating condition. The only additional means of compliance typically 
requested by authorities is a test with the aircraft on ground to prove that no substantial amounts of 
CO2 or CO are ingested from the aircraft’s own exhaust. The regulations thus refer to a clear interface 
between the airframe and the separately certified engines and auxiliary power units (APUs), with the 
requirements for air cleanliness being incorporated into the certification specifications for the engines 
and APUs. This is logical, as the technical feasibility of cleaning air within the airframe in case of 
significant contamination would be very limited. It would also not make sense from an environmental 
and economic perspective. 
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Table 8.1 Ambient Air Quality Standards and Aircraft Certification Specifications (CS) 

Aircraft 
Standard 

Contaminants Maximum 
level 

Ambient 
Standard 
European 
Union 

FAA 14 
CFR Part 
25.832 
EASA CS 
25.832 

Ozone (O3) 0.1 ppmv* 
0.25 
ppmv** 

120 µg/m3 
– 8-hr 
(~0.06 
ppmv at 
sea level 
conditions) 

FAA 14 
CFR Part 
25.831(b)(1) 
EASA CS 
25.831(b)(1) 

Carbon 
Monoxide 
(CO) 

50 ppmv 10 µg/m3 – 
8-hr 
(~0.008 
ppmv at 
sea level 
conditions) 

FAA 14 
CFR Part 
25.831(b)(2) 
EASA CS 
25.831(b)(2) 

Carbon 
Dioxide (CO2) 

5000 
ppmv 

n.a. 

* 0.1 parts per million by volume, sea level equivalent, time-weighted average during any 3-hour interval above flight 
level 270. 
** 0.25 parts per million by volume, sea level equivalent, at any time above flight level 320. 
 
For engines and APUs, another set of requirements is prescribed for pressurised air that is intended to 
pressurise and ventilate the aircraft cabin. The engine standards are specified in 14 CFR 33.75, CS-E 
510 and CS-E 690, and the APU standards are specified in FAA Technical Standard Order TSO-C77b, 
CS-APU 210 and CS-APU 320.  
 
Clearly—and for good reason, given that engines and APUs are the main sources for the supply of 
cabin air—there are additional requirements with regard to air contaminants specified for these 
separately certified products than there are for the actual aircraft. The most important feature in an 
airframe with regard to maintaining appropriate air quality, air exchange is strongly dependent on clean 
air provided from engines and APUs. It is therefore essential for aircraft manufacturers to have industrial 
partners provide robust designs in order to avoid any kind of contamination in the core flow of the engine 
whenever engine bleed air is used for pressurisation and ventilation. 
 
The current means of compliance for engine and APU bleed air certification may be covered by testing 
solely according to SAE Aerospace Recommended Practice ARP4418 Rev. A. The authorities accept 
these results as proof of compliance. The EASA has clearly stated that they do not accept SAE 
ARP4418 as a testing method for demonstrating compliance with CS-E and CS-APU (Reference SAE 
E-31 Meetings in Ispra, Italy 2014 and Tullahoma, TN 2014). In practice, however, this test is applied 
to legacy engines, at least with regard to the airframe. The provisions of SAE ARP4418 Rev. A currently 
list several marker substances for bleed air contamination, which must be demonstrably below a 
concentration specified in the same document. Engine manufacturers present plans to regulatory 
authorities detailing how they will demonstrate compliance, whether through similarity to previously 
certified models, through analysis or by testing the new model. The means of compliance for each 
engine model is approved for certification by the cognizant certification authority, after the proposed 
means of compliance has been presented to the authority.  
 
Revision of the aforementioned document—with the involvement of engine and aircraft manufacturers, 
scientific entities, authorities and unions—is an ongoing process within the responsible SAE committee 
(E31). Additional documents are currently in preparation in order to improve the analytical process by 
characterising the quality of bleed air and, as a result, of cabin air. In particular, methodologies for 
detecting short-term contamination during transient operating conditions may be developed in order to 
discover potential design deficiencies at an early stage. It will apparently be necessary to harmonise 
the certification process for bleed air quality amongst the various authorities (primarily the FAA and the 
EASA) and to enforce their respective requirements consistently in the engine-certification process. 
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No requirements are stated for the real-time monitoring of contaminants on aircraft. For normal 
operating conditions, ventilation systems must be designed to provide at least 0.19 m3 of fresh air per 
minute (i.e. 3.2 L/s) for each passenger. 
 
Beside from the clear certification specifications for carbon dioxide, carbon monoxide and ozone, CAQ 
requirements are of a relatively qualitative character. Previous versions of ARP4418 included a table 
containing limits for certain bleed air pollutants. Instead of specifying concentrations indicative of good 
air quality, this table originally displayed historical limits for analytical quantification. There is thus no 
clear standard containing a finite list of impurities and their respective limits to indicate particular 
categories of air quality. 
 
Current sets of standards describe test methods and analytical methods for a subset of marker 
compounds that are considered suitable to indicate abnormal pollution and that provide some 
information on typical background concentrations, as well as on toxicologically derived limits for specific 
substances or groups of substances. With respect to organic impurities, there are no categories or 
standards for air quality for any other environment, given the almost infinite number of potential 
impurities. The evaluation of air quality in other indoor environments typically starts with a cause (e.g. 
a complaint or other reasonable concern). The results of any subsequent testing may then be evaluated 
according to values from indoor air guidelines or any other toxicologically or statistically derived 
guideline levels. 
 
Although organisations that recommend guideline levels typically do not restrict their recommendations 
to any specific range of environmental pressure, one common but unproven hypothesis amongst some 
lobby groups is that, regardless of the toxicological endpoint, established guidelines for indoor air are 
not suitable for aircraft cabins, given the reduced pressure environment. Depending on the endpoint, 
pressure may have either positive or negative effects in case of exposure. There are currently no 
guidelines or underlying research to substantiate or exclude the notion that pressure effects in the 
aircraft cabin would invalidate commonly accepted indoor guideline limits. 
 
Preliminary evaluation of risk-mitigation strategies 
A desk study on mitigation measures was conducted in order to prepare an overview of technologies. 
Although the detailed overview is not included in this summary, the evaluation of the measures is 
summarised below. Each mitigation measure is evaluated according to several criteria. In the following 
evaluation matrix, these evaluation criteria are indicated with plusses and minuses, indicating their 
impact on the organisation or the level of the mitigation measure achieved: 

- - low 
- medium-low 
+/- medium 
+ medium-high 
+ + high 

 

Table 8.2 Evaluation of mitigation strategies 

Measure Cost TRL 
(current 

level) 

Certifi-
cation 

Effective-
ness 

Perfor-
mance 

Exchange
-ability 

Fit 

Source elimination 

Limit use of a particular type of 
oil (certified alternatives 
available) 

+ + + + (9) + + -   retro 

Limit use a particular 
compound (certified 
alternatives available) 

+ + + + (9) + + -   retro 

New oil composition - - (3) - -   retro 

New oil type - - - (3) - - -   retro 

Source control 
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Measure Cost TRL 
(current 

level) 

Certifi-
cation 

Effective-
ness 

Perfor-
mance 

Exchange
-ability 

Fit 

Seal/bearing design +/- - - (3) +/- +/-  n.a. forward 

Maintenance practices + n.a. + -  n.a. retro 

Propagation restriction 

Carbon absorption + + + (9) + + -  n.a. retro 

Catalytic conversion + + + (9) + + -  n.a. retro 

Non-thermal plasma oxidation +/- + + (8) + +/-  n.a. retro 

Propagation indication 

Catalytic bead sensors + - (5) + +   n.a. retro 

Metal-oxide semiconductor 
sensors 

+ +/- (7) + + -  n.a. retro 

Electrochemical sensors + - (5) + +   n.a. retro 

Photo-ionisation sensors +/- - (5) + +   n.a. retro 

Non-dispersive infrared 
sensors 

+ - (5) + +   n.a. retro 

Sampling sensors + +/- (6) + + - - - - n.a. retro 

Remedy controls 

Reporting + + n.a. n.a. - - n.a. n.a. retro 

Training + + n.a. n.a. - - n.a. n.a. retro 

Aircraft operation  + n.a. n.a. - n.a. n.a. retro 

 
Financial aspects/costs 
The costs associated with the mitigation measures originate from a variety of factors, including 
technology readiness level (TRL), achievement and certification effort. A significant part of the cost is 
concerned with certification, and it is dependent on whether the measure must be certified at the level 
of the airframe or the engine. The certification costs for components can be estimated at €50K, while 
the costs for entire APUs could easily rise to €1–2 million. Another part of the costs comprises the actual 
cost of components, implementation and maintenance. The timeline for the implementation of measures 
is also related to the cost. The certification process can take up to ten years for regulations that ban 
TCP, while those regulating maintenance or operations can be effective within one or two years. Based 
on the technology overview, it can be concluded that source-elimination measures indicating a new 
type of oil or composition and source-control measures regarding seal design are the most expensive. 
The cost for source-propagation and indication measures are lower, as certification could be expected 
to require less effort, although TRL achievement and testing remains at a lower level.  
 
Technology Readiness Level (TRL) 
In terms of TRL, only the technological mitigation measures are rated. Although a few source-
elimination and propagation-restriction measures have already achieved a high TRL (TRL 8/9), their 
effectiveness in targeting the desired compounds should be investigated. Most of the other 
technological measures have not yet finished the laboratory testing and must still be improved for 
aircraft-relevant environments.  
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Probability of certification 
The available mitigation measures should not result in additional potential failure modes that affect the 
safety of the aircraft. For source-elimination and control measures, this consists of demonstrating that 
a new oil or seal still meets the same functional requirements through new or updated system-safety 
analyses. This certification process is extensive, and it must be repeated for each type of engine. For 
propagation-restriction measures, the device should not block the flow of (bleed/recirculation) air 
through the ducts. Although the certification of any sensor inside the aircraft cabin is likely to involve 
only minor modification, the failure or false-positive signal of a sensor should not lead to an unsafe 
situation. To assess this, the failure conditions should be identified, and their effects should be 
evaluated in order to demonstrate compliance with EASA CS 25.1309(b). 
 
Effectiveness/benefits 
Demonstrating the effectiveness of new oils, converters and sensors requires identifying the engine-oil 
compounds that are responsible for cabin air contamination. Although the elimination of a single 
compound might be the most effective, it is practically impossible to eliminate multiple, crucial 
compounds. A combination of source-control and propagation-restriction measures is not useful unless 
the source of contamination can be located. With regard to propagation restriction, the converters 
should not introduce new risks by introducing new sources of contamination (i.e. poisoned filter/catalyst 
or by-products of ionisation). With regard to the effectiveness of sensors and their notification for pilots 
or staff, the implications of a red light should be clear. Does it imply an emergency landing, or is it merely 
an indication that maintenance is needed? Increasing redundancy of the sensor design might be useful, 
in order to avoid risks due to false positives. Measures for maintenance or aircraft operation are effective 
only for reducing the probability of contamination probability. Remedy controls that include reporting 
and training are also effective in identifying the origin of the contamination, although they do nothing to 
contribute to limiting the contamination. 
 
Performance 
The performance score of most mitigation measures cannot be given at this point. For source-
elimination, source-control, propagation-restriction and indication measures, the targeted compounds 
should first be obtained from FACTS Task 2. The converters and sensors that are commercially 
available should be tested independently.  
 
Retro fit/forward fit 
Most of the mitigation measures are expected to be suitable for retro-fitting into current aircraft. The 
implementation of a new seal design, however, is likely to require a forward fit into new or neo-aircraft. 
A retro fit sets limits on the design in terms of size and operation. 
 
Aircraft integration 
The effort required in order to integrate measures for mitigating cabin air contamination due to engine 
oil compounds into an aircraft differs by mitigation strategy. The integration of a new type of oil (source 
control) does not require any additional integration tasks. The benefit of using a new oil might take a 
while to become fully effective, however, due to the old oil residues that must first be removed. 
 
The integration of a new seal design (source control) can have a major impact on aircraft integration. 
For example, the new engine part must be certified for every type of engine. In addition, the new design 
might require adaptations in existing maintenance and operating procedures. 
 
Retro-fitting a converter into an aircraft (propagation restriction) restricts the size and design of the 
technology. The aircraft integration must be certified for every type of aircraft. If the converter is 
incorporated into the air ducts, it is considered a major modification, thereby requiring a Supplemental 
Type Certificate (STC). 
 
The necessity of an extensive certification procedure for the installation of a propagation-integration 
sensor in the aircraft depends on the sensor technology that is applied. In addition, the consequences 
of and response to the sensor signal should be prescribed. The signal could consist of an indicator light 
in the cockpit that requires pilot action, or it could be a reaction that has been programmed into another 
system in order to control the contamination. In either case, the risks resulting from false alarms or non-
detections should be analysed during the certification process. The specifications of EASA CS25.1309 
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are applicable to the certification of sensors. This provision is an umbrella certification requirement 
applying to equipment, systems and installations that charges the installer with certifying the proper 
functioning of technology under the operating and environmental conditions of the aircraft. 
 
For all possible measures, it is important to understand that any addition to an aircraft (e.g. sensor, 
system or operation) requires careful consideration. The additional component should not constitute a 
new hazard or increase the risk in terms of the occurrence and/or effect of existing hazards in the aircraft 
design. 
 
 
Preliminary measures 
Mitigation measures that avoid, minimise or detect the creation of hazardous compounds inside the 
aircraft cabin environment can originate from any of three distinct categories: regulatory, operational 
and technical. Regulatory measures include laws and standards establishing allowable concentrations 
or operating restrictions. Operational measures refer to procedures and operational routines, and they 
should be carried out by operators, airlines or other users. Technical measures include all changes in 
technology related to aircraft components or infrastructure. Mitigation measures can also focus on 
preventive actions, as well as on strategies that are corrective or aimed at reducing the consequences 
of contamination.  
 
Mitigation measures relating to engine-oil contamination can apply to either the short term or the long 
term. Short-term measures could include event reporting or operational regulations aimed at improving 
air quality. With regard to monitoring through event reporting, regulatory actions might improve the 
quality and standardisation of the incident reports. This would also enhance the effectiveness of 
identifying trends and common ground. Engine-oil contamination could further be limited by operational 
principles describing procedures for starting the Environmental Control System (ECS) after starting the 
engine or APU. Such measures mitigate the risk of seals leaking before they have reached high 
pressurisation. The rate of engine-oil consumption could also be prescribed as an indicator of impending 
cabin air contamination events. It is important to note, however, that engine-oil indicators (e.g. pressure, 
temperature and quantity) are subject to substantial fluctuation during engine operation, possibly 
hampering the correct interpretation of the oil-consumption rate. Finally, other precautionary measures 
that could be applied as mitigation include the regular cleaning of ECS heat exchangers and low-
pressure ducts during maintenance intervals. 
 
Long-term measures could include sensor technologies that detect broad ranges of volatile organic 
compounds (VOCs). Although these results might enhance incident reporting, they are not suited as a 
warning signal that certain contaminants are present at elevated levels. If, however, warning signals 
would be an option, this would imply a major modification to certified aircraft and requires aircraft 
recertification and new procedures to be written.  Further specifications for sensors include that they 
should be simple to use, durable and perform satisfactorily, while requiring only limited attention on the 
part of crew and maintenance staff.  
 
Medium-term and long-term measures should focus on identifying the specific nature and extent of 
contaminants in the cabin that are related to engine oil. Once the composition is understood, sensor 
technologies can be customised to identify specific targeted components. Commercial filtering 
technologies should be reviewed independently and investigated at adequate flow through conditions 
that allow the assessment of their performance. 
 
Failure Mode and Effects Analysis (FMEA) could be composed for conducting a structured, inductive, 
bottom-up analysis aimed at evaluating the effect that each possible element or component failure 
would have on the engine system. This analysis would indicate the origin of the oil substances and the 
circumstances under which they entered the bleed air system. The results of the analysis could be used 
to develop procedures for mitigating the propagation of the contaminant, while also identifying the 
source and, possibly, eliminating the oil. 
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8.2.5  Conclusions and recommendations 

This report  includes an evaluation of the various possible measures. Although the comparison of 
measures is difficult due to sometimes fundamental differences between them, some are clearly quite 
promising and could potentially be introduced without much effort. Results of the gap analysis indicate 
that aside from the clear certification specifications for carbon dioxide, carbon monoxide and ozone, the 
aircraft standards for CAQ are relatively qualitative in nature. Although this does not hinder the 
implementation of effective mitigation measures, it does not support effective and structural integration 
either. 
 
If the aircraft industry as a whole wishes to move forward with the further improvement of CAQ 
measures and the further mitigation of concerns associated with engine-oil contamination, several 
measures are possible. It is nevertheless up to each individual player in the field either to enforce them 
through certification requirements or to use aircraft standards on an individual basis. 
 
Within the FACTS project, this report identifies several mitigating measures that are either owned by or 
closely related to the various consortium members. As such, the FACTS project provides a quick and 
effective opportunity for assessing the effectiveness of these measures. It is recommended to test the 
available technologies (predominantly sensors) in the various experiments. 
 
Given the variety of aircraft standards and their adoption by the various aviation authorities, it seems 
necessary to harmonise the certification process for bleed air quality across authorities (primarily FAA 
and the EASA) and to enforce the respective requirements consistently in the engine-certification 
process. 
 
The umbrella certification requirement regarding equipment and systems installed in aircraft (EASA CS 
25.1309) charges the installer with certifying the proper functioning of any new technology under the 
operating and environmental conditions of the aircraft. At the same time, however, it is important to 
determine the complete set of contaminants—including the maximum levels that could play a role in 
issues of CAQ. The EASA could take a leading role in defining these contaminants and the maximum 
levels that a sensor should be able to detect or a filter/converter should be able to reduce, if deemed 
necessary. By advancing such a framework, the EASA could take a pro-active role in this field. 
 
The current standard calls for for air quality and fresh air supply  calculations and a single test upon the 
initial certification of the aircraft, thereby demonstrating compliance with the regulations, in order to clear 
the entire aircraft type for certification and subsequent operation. There are no explicit requirements for 
the periodic or continuous measurement of certain compounds (e.g. CO, CO2 or O3). The EASA should 
review this procedure and assess whether the current certification process provides sufficient 
confidence in, and guarantees for, the quality of the air in aircraft throughout its operational lifetime, 
based on the initial type certification, and given the known variables affecting aircraft operation. The 
FAA and the EASA could expand upon the Continued Operational Safety (COS) requirements to require 
verification of CAQ at specific times. Examples could include following the change of an engine or 
auxiliary power unit (APU), major Environmental Control System (ECS) component (e.g. air cycle 
machine or ‘ACM’) or acoustic mufflers, or upon C-Check, if the air-conditioning system or engine have 
been part of the maintenance. This procedure could be combined with a typical inspection flight 
following heavy maintenance. Specific verification checks should be clearly described. 
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9 Overall conclusions of the FACTS study, and recommendations  
 
Based on the results of the FACTS study, conclusions and recommendations of the separate tasks 
are described below in the following sections. 
 
Review of State of the Art and Establishment of the baseline for the work (FACTS-D7.T1) 
 
Conclusions: GAP analysis – Exposure monitoring 
Both laboratory and in-flight measurements have greatly contributed to the accumulation of knowledge 
concerning the chemical composition and degradation of chemical substances, the compositions of the 
engine oil applied and its vapours, and the impact of the emissions of bleed air contaminants on cabin 
air quality (CAQ). Knowledge should be focused on understanding one particular issue—cabin/cockpit 
air contamination (CAC) due to potential leaks—which results in short-term peaks of CAC. The intrinsic 
quality of the cockpit/cabin air under normal flight operating conditions has been the subject of many 
in-flight monitoring campaigns, which have yielded a good general overview of air quality on board 
aircraft. Of even greater importance, however, is the investigation of possibilities for the management 
and monitoring of air quality (including the marker components to be measured) for aircraft, which could 
allow for the proper assessment of CAQ. A review of the available literature reveals the following data 
gaps: 

 Chemical mapping between the low pressure (LP) and high pressure (HP) sections and the 
cockpit/cabin is lacking. Current knowledge is insufficient with regard to what happens as 
certain uncontrolled chemical emissions flow into the cockpit/cabin. 

 Little is known about the chemical nature and character of CAC events. 
 There is a need for chemical surveys of the surface contamination in the packs and ducts, as 

well as of the filter material used in the recirculation air system. 
 International inter-laboratory studies on sampling and analysis of tricresyl phosphates (TCPs) 

are lacking, resulting in poor validation data on method-performance characteristics. This 
makes it difficult to compare data on TCPs between monitoring studies. 

 Most in-flight measurement campaigns differ in terms of experimental design, analytical 
approach and the statistical presentation of results. This also makes comparisons difficult. 
Analytical standardisation processes are needed in order to harmonise the monitoring of air 
quality. 

 A complete understanding is lacking with regard to processes that influence chemical emissions 
throughout the air-supply system as a whole, starting from the LP and HP sections, through the 
ECS packs and ducts, to the cockpit/cabin. 

 It is unclear which components might be formed along the route from the source to the flight 
deck and passenger cabin. 

 Suitable marker components for assessing CAQ have yet to be clearly identified. 
 Few measurements campaigns have been conducted to study de-icing, despite the serious 

contaminant effects that the spraying of de-icing agents can have on CAQ. Although many 
cases of glycols entering the cabin have been reported, little data has been collected on this 
phenomenon.  

 
The continuation of projects to monitor air quality in-flight is unlikely to be constructive, given the 
improbability of encountering actual CAC events in view of the low number of incidents triggered by 
engine oil. Appropriate simulations are likely to provide a means of responding to some of the issues 
raised above. The simulation of bleed air contamination on the ground in real aircraft cabin air 
environments and during test flights in real aircraft could help to fill this knowledge gap. It is important 
to investigate the ‘black box’ of ECS, packs, ducting and HEPA filters in order to map the possible 
accumulation of bleed air contaminants (BAC) in the air system. 
 
Conclusions: Gap analysis – Toxicological risk assessment 
The central question concerns whether exposure to neurotoxic substances formed during fume events 
could be the cause of neuronal damage, as observed in alleged cases of ‘aerotoxic syndrome’. One of 
the main problems in the risk assessment of CAQ is the lack of data on neurotoxicity hazards for the 
majority of substances present in fumes. More importantly, fume events on board aircraft have the 
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potential to expose occupants to a complex mixture of a large number of different substances, in highly 
variable concentrations.  
 
Few in-vitro or in-vivo toxicity tests of mixtures have been performed within the context of fume 
contaminants. There is a need for testing of combined toxicity of substances that may be present in 
engine fumes, given the current lack of knowledge concerning the hazards and potential health effects 
of exposure to such mixtures in general.  
 
Toxicity screening requires integrated cellular testing approaches that combine a variety of organ 
systems, along with whole-organism test systems, in order to allow more realistic simulation of organ 
interaction and to ensure that the test system includes metabolic competence. Few experiments have 
been conducted on the translation of in-vitro to in-vivo results within the context of fume exposure. 
 
It is necessary to study biomarker formation, stability and half-life under conditions of controlled 
exposure, thereby allowing the investigation of the relationship between fume mixtures and internal 
exposure doses, without interference from other sources that could influence the biomarker levels. It is 
therefore necessary to screen for and semi-quantify selected/targeted biomarkers in animals exposed 
to realistic and characterised fumes.  
 
Integrated in-vitro testing strategies combining a realistic exposure scenario (inhalation exposure) with 
a relevant readout (neuronal function) are needed. Although in-vitro (cellular) research allows for 
detailed studies of toxicity, it often ignores important aspects (e.g. metabolism). The proposed 
combination of in-vitro cellular research using microelectrode array (MEA) and the air-liquid interface 
(ALI), the whole-organism in-vitro study on zebrafish, and an in-vivo rodent inhalation study with 
neurobehavioural and biomarker analysis therefore addresses several of the knowledge gaps identified 
above. Studies that include human relevant models might be useful for guiding decision-making support 
concerning the aspects of fume events that pose the greatest risk to humans (e.g. temperature/pressure 
conditions and fuel/hydraulic/de-icing fluids used during flights and associated characteristics) and that 
should be considered for future mitigation procedures.  
 
Conclusions: Gap analysis – Health risks 
Despite all available information on CAQ in relation to chemicals, persistent data gaps prevent decisive 
conclusions concerning the possible relationship between health-related problems and exposure to 
chemicals in aircraft cabin air during reported smell events.  

An initial screening of the available literature revealed the following data gaps: 

 The broad range of reported symptoms makes it difficult to define a clear case definition. 
 Hazard information on many individual chemicals is lacking or incomplete. Information on the 

potential neurotoxicity of chemicals is often limited or non-existent. Further, long-term toxicity 
data that consider the accumulation of chemicals and chronic low-dose effects, especially with 
regard to neurological effects, are not always available.  

 No stand-alone standardised test is available for assessing neurotoxicity after long-term 
exposure to a mixture of chemicals. 

 The toxicity of chemicals and health-based limit values are based on standard conditions. 
Although calculation rules are described to adapt to deviant pressure conditions, further 
investigation is needed concerning the effect of deviant conditions in cabin air (e.g. hypoxic 
conditions) on the physiological impact of chemicals. 

 Exposure information is often limited to a small set of chemicals (mainly TCP). In addition, only 
limited information is available on potential complex mixture toxicology and how to address 
neurological effects after exposure to a complex mixture of chemicals in health-risk 
assessments. 

 Exposure information is based on standard conditions during normal flights. Measurements 
during fume events are hardly available, if at all. Prospective monitoring of cabin air (e.g. for 
measuring during fume events) is difficult and expensive.  

 Information on clinical effects or toxicity and information on exposure are obtained either 
independently or at the same time, but never in a prospective-cohort design. As a result, no 
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evidence can demonstrate a causal relationship between chemical exposure and the symptoms 
reported by flight crew. 

 No suitable biomarkers exist to determine exposure or to indicate potential health effects. 
 

This descriptive overview provides baseline information on health-risk assessment within the context of 
CAQ, as identified in the literature available to the consortium partners. Over the years, various studies 
have investigated—at least partially—the relationship between CAQ and its impact on health among 
flight crew. Although numerous studies have been performed, several data gaps have been identified 
with regard to hazard information for specific chemicals, exposure measurement, health-effects 
measurement and study design. Some of these data gaps are difficult to address. For example, the 
broad range of reported symptoms makes it difficult, if not impossible to arrive at a clear definition of 
‘aerotoxic syndrome’. Exposure to different chemicals, potential mixture toxicology, infrequent fume 
events and an undefinable syndrome (health effects) combine to generate excessive complicity within 
an appropriate epidemiological design to establish causality.  

Further research should be designed carefully in order to start filling the data gaps, including with regard 
to hazard information focusing on neurological effects, mixture toxicology, exposure measurement 
during fume events, the influence of the cabin conditions in relation to limit values and the identification 
of suitable biomarkers.   
 
Flight Test 1 (FACTS-D3-T2.2) 
 
Conclusions and recommendations: Flight Test 1 
Although the provocation of events was executed according to the test plan, it did not necessarily result 
in a smell event and/or the provoked events could not be directly related to increased concentrations. 
No evidence of this was revealed in most of the analyses, and the events showed up only in the ultrafine 
particles (UFP). Furthermore, the ECS configuration on the test flight influenced the concentration levels 
between baseline and the test flight. 
 
In the flight test, three smell events were provoked and measured on board the aircraft: 

1) Baseline flight: smell event during engine start with tail wind 
2) Test flight: smell event during engine start with tailwind 
3) Test flight: smell event during the second sequence of the ECS pack failures. 

 
The main outcomes of the flight test were as follows: 
 The smell events during engine start with tailwind and during the second sequence of pack failures 

resulted in some increase in concentration. During engine start, increased concentrations of TVOC, 
propylene glycol, SO2, UFP, BC and PM were observed. Increased concentrations of aldehydes, 
alcohols, tetrohydrofurans (THFs), toluene, ketones, UFP and BC were observed during pack 
failure. 

 Propylene glycol was the most important contributor to the TVOC, exceeding the Umweltbundesamt 
(UBA, German Committee on Indoor Air Values) guide values I and II in a few cases. Hardly any 
propylene glycol was detected by the canister EPA-TO15 method. 

 Concentrations of CO, O3 and SO2 were below the guideline values specified by the World Health 
Organization (WHO) and the Federal Aviation Administration (FAA). 

 Despite the use of TCP-free Turbonycoil, tri-m/p-cresyl isomers were detected in cabin and cockpit 
air, as well as in galley filters. 

 No mono, di and tri ortho isomers of TCP were observed.  
 The composition of the m/p isomers in all galley filters showed similar patterns, but were completely 

different from the patterns found for typical brands of engine oil. 
 The use of Turbonycoil (TCP-free oil) requires taking into account other sources in or around the 

aircraft.  
 
It should be mentioned that not all sensors were operational during the flights, but that valuable results 
were nevertheless obtained. These results are summarised below, categorised as offline and online 
measurements. Please note that the comparison to limit values is only included to put measured values 
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in perspective. The relevance of limit values in relation to health risks are discussed seperatly in chapter 
7. 
 
Offline measurements 

 UFP were sampled twice throughout the whole flight, plotted on a grid and characterised using 
TEM. The UFP particles sampled during the baseline flight were smaller (20–400 nm) than 
those sampled during the test flight (30–1000 nm). The EDX analysis revealed evidence of soot 
particles. For metallic UFP in the baseline flight, the following elements were predominantly 
present (in descending order): aluminium, sulphur, titanium, iron, nickel and calcium. The 
following were predominantly present during the test flight: sulphur, calcium, aluminium, iron, 
titanium and potassium. Some UFP consisted of a metallic core, with localised regions 
consisting of a combination of several metallic elements. This composition corresponds to a 
soft magnetic material, which might have been used in glues or in the coating of the engine.  

 The results of the OPC measurements indicated high concentrations of tri-n-butyl phosphate 
(TBP) in the range of 1.9–12 µg/m3. The highest concentrations of TBP were measured during 
descent and landing, for both the baseline flight and the test flight. In all OPC measurements, 
TBP covered at least 51% and at most 90% of the total measured sum concentration of OPCs. 
It is used primarily as an additive in hydraulic fluids. Triphenyl phosphate (TPhP), which is used 
as an additive in Turbonycoil, was measured in a concentration range of 0.003–0.019 µg/m3 in 
cockpit and cabin air for all flight phases during the baseline flight and the test flight. In addition, 
butyl diphenyl phosphate (BDPP) and dibutyl phenyl phosphate (DBPP)—OPCs that are 
typically used in hydraulic oil—were measured in all flight phases. DBPP concentrations 
measured were in the range between 0.102-0.240 µg/m3 and BDPP concentrations were found 
in the range between 0.002-0.005 µg/m3. No huge differences in concentrations of BDPP and 
DBPP were observed during baseline and test flight. T(m,m,m)CP was measured in all flight 
phases in a concentration range of 0.002 – 0.011 µg/m3. Forn the test flight during take-off and 
climb low concentrations of T(m,m,p)CP and T(m,p,p)CP were measured in the range between 
0.018 – 0.033 µg/m3. Taken into account that Turbonycoil does not contains TCPs, it can be 
concluded that low concentrations of m and p isomers from TCP originate from other sources 
than the oil itself.  

 TCP content was analysed in new and used Turbonycoil, which was tapped from the aircraft 
between the baseline and the test flight. No TCP isomers were detected in the new and 
tapped used oil. 

 In most phases, no PAH/PCBs were detected. When they were found, the concentrations were 
in the low-level range, as specified in the guidelines. The same was true for dioxins. 

 Formaldehyde, acetaldehyde, acetone, n-butyraldehyde and m-tolualdehyde occurred 
predominantly as major carbonyl compounds in all flight phases. The highest concentration of 
these compounds was measured during taxi-out. 

 All VOC concentrations measured during events were low, relative to indoor air values and 
workplace limits. 

 The concentrations of VOCs measured with the canister during the various events did not follow 
any clear pattern. The aromatics and alcohol concentrations during taxi-out (Event 1) were 
higher than they were in the other events. Concentrations of aldehydes/ketones were relatively 
high during Event 3, as compared to other events. 

 The major contributors to the TVOC values on both the baseline flight and the test flight were 
concentrations of propylene glycol, alcohols, organic acids and ketones. During the additional 
smell event at the end of the test flight, a distinct increase in alcohols was observed. Other 
compounds with increased concentrations were THF, toluene and ketones. This undefined 
smell perceived by people present on board may have been caused by several pack failures 
that occurred during the test flight.  

 
Online measurements 

 An increase in CO concentration (from 0.7 ppm up to 3.3 ppm) was observed during engine 
start on both the baseline flight and the test flight. The short-term and long-term WHO 
guidelines and the Indicative Occupational Exposure Limit Value (IOELV) limit values for CO 
were not exceeded during the flights. No increase in CO concentration was measured during 
the provoked events. 
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 The measured O3 concentration followed flight altitude, with a slight time delay. The highest 
ozone concentration (112 ppb) was measured at the highest flight altitude. This value did not 
exceed the FAA peak concentration of 250 ppb in the cabin. The most rigid value of 40 ppb for 
indoor air for an eight-hour total weighted average (TWA) concentration was also not exceeded. 
No peak ozone concentrations were measured during the provoked events. 

 A peak concentration up to 4.7 ppb SO2 was measured during engine start in the test flight. No 
workplace limit value and WHO guideline were exceeded. No increased SO2 concentrations 
were measured during the events. 

 Compared to average UFP number concentrations in indoor offices (~5000 pt/cm3), increased 
UFP number concentrations were measured in the cockpit and the cabin under tailwind 
conditions (maximum concentration in the cockpit was higher by a factor of 2600) , engine start 
(maximum cockpit concentration was higher by a factor of 620), take-off (maximum 
concentration in the cabin was higher by a factor of 32) and pack failure 2 (maximum 
concentration in the cockpit was higher by a factor of 52). Increased UFP concentrations were 
also measured in the cockpit during top of descent (ToD) 1 (maximum concentration in the 
cockpit was higher by a factor of 2), but not in the cabin. In general, the UFP number 
concentrations were higher when the aircraft was on the ground than when it was in flight mode. 
During the baseline and test flights, higher UFP concentrations were generally observed in the 
cockpit than in the cabin, except for during take-off for the baseline flight. One explanation could 
have to do with differences in the ventilation settings of the cockpit and the cabin. On B757 
aircraft, the cockpit always has a full fresh-air supply under normal operating conditions. For 
the cabin, the ventilation settings of the baseline flight differed from those of the test flight. 
Recirculation was on (50% fresh air, 50% recirculation) during the baseline flight and off (100% 
fresh air) during the test flight. Although the same UFP differences between the cockpit and the 
cabin were expected to occur during the test flight, the cockpit and the cabin had differing 
filtering/air inlets, resulting in differences in concentration levels. 

 The UFP size distribution was measured in the cabin. At the highest UFP concentrations during 
tailwind conditions, engine start and take-off, the mode of these particles was smaller than 
17 nm. Increased UFP concentrations were also measured during Pack Failure 2, revealing a 
bimodal size distribution, with a first peak smaller than 17 nm and a second peak around 170–
190 nm. This bimodality suggests the presence of two different emission sources. It was unclear 
whether these second-mode particles were combustion particles, oil particles or nucleating 
volatile organic compounds. A simulation of a pack failure could be helpful for investigating this 
situation in greater detail and identifying the origin of the increased UFP levels. The next 
measurement campaign should include Scanning Mobility Particle Sizer (SMPS) 
measurements performed in the cockpit, given that the highest UFP concentrations were 
measured at this position in the aircraft. 

 During engine start, increased PM concentrations (0.3–20 µm) were found in the cabin. The 
PM concentrations were higher when the aircraft was on the ground than when it was in flight 
mode. The increased PM concentrations on the ground most likely originated from intruding 
outdoor contamination from the airport, engine start and take-off. No increased PM 
concentrations were measured during the events. Limit values for PM for outdoor, workplace 
and indoor environments were not exceeded. 

 The highest BC concentrations were measured during tailwind conditions, engine start and 
take-off. Increased BC concentrations were found in the cockpit during ToD 1. Slightly 
increased BC concentrations were found in the cockpit and the cabin for the two pack failures. 
Higher BC concentrations were measured in the cockpit than in the cabin. 

 No conclusions could be drawn with regard to a possible effect of the events on TVOC, as 
TVOC levels followed the pattern of flight altitude. The pack failures at the end of the test flight 
might have caused the greatest impact on TVOC concentration. 

 
Recommendations: Flight Test 1 
Based on the data obtained from the flight test, the following recommendations have been formulated 
for use in further research during the FACTS project: 
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 The composition of the air measured during this flight test at different engine settings and under 
different environmental conditions should be compared and confirmed by the results from the 
planned BACS (Bleed Air Contamination Simulator) experiment and the engine test. 

 The CO2 measurements taken during the flight test do not allow for any conclusions concerning 
whether the elevated CO2 levels relative to the number of people on board were indeed caused 
by the occupants or by a source originating from the air supply passing through the engine. The 
BACS experiment should be used to verify whether the engine itself is an origin of CO2. 

 PAHs, PCBs and dioxins were included within the context of the broad air quality screening, in 
order to determine whether these groups of substances constitute an important part of the total 
air quality on board aircraft. Given that hardly any of these components were found, it would be 
advisable not to include these groups in further in-flight CAQ measurements. 

 
The execution of the flight test also generated a number of recommendations regarding instrumentation: 

 Alternative sampling methods should be considered that are not negatively influenced by the 
electrostatic charging of the transmission electron microscopy (TEM) grid. 

 Portable and easy-to-use UFP instruments should be placed in a number of aircraft—preferably 
in the cockpit—for long-term monitoring, in order to generate further insight into exposure of 
the crew to UFP. During the flight, the UFP parameter appeared to be the parameter with the 
highest increases in concentration levels, as compared to all the parameters that were 
measured in this campaign. 

 Besides UFP, long term monitoring of BC with mobile and easy to use instruments, would be 
an additional value as BC mass concentration was also found to increase during engine start, 
tailwind, and pack failures.  

 It would be advisable to install equipment for measuring organic acids. 
 
Flight Test 2 (FACTS-D7-T2.3) 
 
Conclusions and recommendations: Flight Test 2 
This summary provides the conclusions for results of cabin air quality measurements performed on 
board of a long range twin-aisle test aircraft on the ground as part of the FACTS project. The ground 
test was planned short term and performed as a substitute test only after the original planned flight test 
2 was aborted due to a critical system error. The objective of this modified engine run test is to record 
cabin and cockpit air compounds and contamination, in addition to identifying their origin during an 
artificial created oil odour occurrence, using special air-analysis devices and methods within the 
framework of this research project. The contamination was to be achieved by an artificially method that 
was created for this exact purpose and is not utilized during normal aircraft operations from airlines.  
 The ground test sampling was performed during so called baseline and during the oil contamination 
event. The baseline condition is defined as the normal pollution during aircraft movement on ground 
under normal operating conditions. The oil contamination event is to be understood as the situation on 
ground with the artificially generated pollution of the bleed air system by manipulation of one engine. 
The background environmental contamination is considered constant during both measurements.  
The test profile resembles closely the layout of a normal engine run. The difference lies in the application 
of two abnormally long dry cranking procedures of 120 sec and 240 sec to create the two artificial oil 
odour events.  
 
The recirculation fans were off during the whole ground test period, therefore the supplied air consisted 
completely from incoming conditioned bleed air. This ensured that all measurement devices could 
capture the same artificial oil contamination independent of their position. 
 
In this study, physicochemical and chemical measurements were executed during a modified engine 
run on ground. The measurements included volatile, semi-volatile and particle-bound contaminants 
present in cockpit and cabin air under baseline conditions and an artificially provoked engine oil 
contamination event. Given the small number of samples, caution is advised when interpreting the 
results. The following conclusions can nevertheless be drawn based in the results of this study.  
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Online measurements 
 All of the Ion-Mobility Spectrometry (IMS) devices recorded significant indications of one 

specific oil marker substance (valeric acid), which is a reliable decomposition component from 
the thermal processing of oil vapours. The Rolls Royce Smell Scale (RR SS) implemented in 
the Aerotracer indicated a high point with a value of 4.5 RR SS in the cockpit. In contrast, during 
the baseline conditions, the devices recorded only background noise without any oil-marker 
identification. These results are consistent with the Airbus test experience.  

 The concentration of ultrafine particles (UFP) measured in the cabin increased during the 
contamination event. The concentration peaked at 2.8*106/cm³ (EEPS) and 1.5*106/cm³ 
(Partector2). The highest particle peaks recorded were reached about the same time as the 
cockpit Aerotracer oil marker readings. On the other hand the baseline indicates a steady 
concentration of around ~2*105/cm³ particles on both UFP devices, with no peaks. 

 The UFP EEPS device recorded the particle diameter size distribution as well. Generally the 
particle diameter size distribution seems to be composed mainly of particles with lower diameter 
sizes under 20 nm. In a comparison of the particle size distribution between the baseline and 
the two events it is visible that the maximum of recorded particles stays at a similar particle 
diameter size (~9.31 nm for the baseline size distribution, ~12.4 nm for the first event and ~10.8 
nm for the second event). The number of particles increases for each diameter size interval. 
The number of recorded particles increases during the events, especially for the smaller 
diameter size intervals up to ~20nm. For the events increasing particle sizes ranging from 40 
nm through 100 nm were also detected, which had not been detected during the baseline 
measurements 

 Furthermore the EEPS particle size distribution in a logarithmic scale slightly resembles a bell 
curve, which could indicate that smaller particles not recorded due to the lower measurement 
limit of the EEPS (5.6 nm) may complete the bell curve.  

 The online measurement using the PTR-MS (Proton Transfer Reaction Mass Spectrometry) 
directly at the fresh-air supply ducting to the cockpit indicates that the mass-to-charge ratio 
curves recorded exhibited a high peak correlating to the contamination event. Corresponding 
substances identified from the offline sampling were used for substance identification. 

 The mass number of valeric acid on the PTR-MS demonstrates a clear response during the 
second event, with a high point of 23 μg/m³. This value is consistent compared to the oil marker 
peak height reading of ~100 from the cockpit Aerotracer. The same behaviour was observed in 
previous Airbus laboratory tests, where the device read-out was compared with semi-
quantitative calibration campaigns (not part of this study). 

 Acetic acid, although constantly present from the beginning, increases slightly after the second 
event to ~23 μg/m³. In contrast, the results reveal that the event led to a clear increase from 
formaldehyde to 11.8 μg/m³ for the first and 16.8 μg/m³ for the second event. Further the mass-
charge-ratio for C3H6O peaks at 34.6 μg/m³ and 44.5 μg/m³ during the events respectively. This 
mass may represent especially the substances acetone and propanal, which both should have 
been determined in the grab samples. 

 None of the masses corresponding to organophosphates examined with the PTR-MS indicated 
concentrations above 0.5 μg/m³, which can be considered as system noise. In contrast tri-butyl 
phosphate reached concentration up to 35 μg/m³ according to the offline sampling. Although, 
PTR MS is not the best method for determination of organophosphates, previous experience 
indicated that Tri-butyl phosphate (TBP) is reasonably detectable. Consequently the more likely 
explanation for this particular difference is that the PTR-MS measured only the fresh air supply, 
while TBP is known to be a substance used in hydraulic fluids. This would also explain the 
greater occurrence in the cabin and cockpit, due to emissions from local sources (hydraulic 
leakages, contaminated gear pins, contaminated clothing of mechanics).  

 
Offline measurements 

 Valeric acid (pentanoic acid) was not detected during the baseline test, and it clearly increased 
to 30-40 μg/m³ during the event. Concentrations measured in the cabin were ~60% lower than 
measurements in the cockpit. These measurements correlate well with the IMS-recordings, in 
which the oil marker detection increased slower in the cabin compared to the cockpit.  

 During the baseline tests, only acetic acid was detected in the cabin and the cockpit. All other 
alkanoic acid were below the detection limit of 2.0 µg/m3.  
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 Alkanoic acids in the range between acetic acid and heptanoic acid increased during the 
contamination event.  

 Concentrations of formaldehyde, acetaldehyde, acetone, propanal, and butanal distinctly 
increased during ground test event. Acrolein concentrations measured during baseline and 
ground test event remain at a level of respectively 4 and 3 µg/m3. Benzene concentrations 
measured during baseline and ground test events remain unchanged and amounts between 
2.1 – 3.6 µg/m3. Benzene is typically emitted by automotive emission caused by car movements 
on the airport itself.  

 During baseline all C9-18 alkanes were below the detection limit of 1.0 µg/m3. The concentration 
of C9-18 alkane increased slightly during ground test event (1.1 - 3.9 µg/m3).  

 No mono-, di- or tri-ortho isomers from Tri-cresyl phosphate (TCP) were detected during the 
baseline or ground events.  

 During baseline test, no tri(m, m, p)-cresyl phosphate, tri(m, p, p)-cresyl phosphate or tri(p, p, 
p)-cresyl phosphate were detected. 

 During the events, tri(m, m, p)-cresyl phosphate, tri(m, p, p)-cresyl phosphate and tri(p, p, p)-
cresyl phosphate increased in concentrations ranging from 0.010 to 0.029 µg/m3.  

 In both baseline test and the test events, TBP was observed consistently in the cabin and the 
cockpit. TBP concentrations measured in the cabin during baseline were comparable, ranging 
from 5.65 to 7.36 µg/m3. The TBP concentration measured in the cockpit during the ground-
test events increased from 3.6 µg/m3 to 12.4 µg/m3. 

 TBP concentrations measured in the cabin and the cockpit during baseline test and ground-
test events were above the AGÖF P90 value of <1μg/m³. The concentrations observed were 
also higher than those typically found in measurement campaigns on in-service aircraft. One 
possible explanation is that this measurement was conducted on a test aircraft, which 
presumably undergoes more mechanical modifications (including modifications of hydraulic 
systems) and harsher flight conditions than is the case for in-service aircraft. In addition, the 
cabin areas are less hermetically separated from the aircraft’s external environment on ground. 
An increased level of hydraulic fluid contamination in the cabin and the associated outgassing 
seems plausible. 

 Tris(1-chloro-2-propyl) Phosphate (TCPP-1) and Bis(1-chloro-2-propyl) (2-chloropropyl) 
Phosphate (TCPP-2) were consistently found in the cabin and the cockpit in both the baseline 
test and the ground-test events. TCPP-1 concentrations measured in the cabin during the 
baseline test ranged from 0.195 to 0.487 µg/m3. TCPP-2 concentrations measured in cabin 
during the baseline test ranged from 0.091 to 0.217 µg/m3. 

 TCPP-1 concentration measured in the cockpit during the ground-test event increased from 
0.226 µg/m3 to 5.95 µg/m3. The TCPP-2 concentration measured in the cockpit during the 
ground-test event increased from 0.072 µg/m3 to 1.47 µg/m3. In general TCPP is used as a 
flame retardant and applied as additive in different products, like electrical and electronic 
products. The cockpit is an area where a lot of electronic equipment is placed in a relative small 
space. Hypothesis is, that during the ground test temperatures in de electronic board will rise 
in temperature more than under normal conditions, resulting in an increase of TCPP's. 

 
On the whole, the release of organic acids—primarily valeric acid—from the synthetic fatty ester (jet 
engine oil) was apparently the main contributors to the odour event experienced. In general, the 
occurrence of C5 to C8 saturated carboxylic acids in correlation to the odour occurrence were evident 
and plausible. Increased concentrations of aldehydes—particular formaldehyde and acetaldehyde—
were also observed, and this may have contributed to the odour perception. However, compared to 
valeric acid and heptanoic acid, both of which exhibited unusual concentrations (exceeding AGÖF P90) 
relative to other indoor environments during the odour event in the cockpit. The afore mentioned 
aldehyde concentrations were elevated, but not exceptionally high (i.e. below AGÖF P90). As an 
indicator for an artificial oil contamination event the recorded increase of the C2, C5, C7 acids and the 
C1, C2, C3 aldehydes seem to be the most suitable markers.  
The steep increase of ultrafine particles at the beginning of the odour event might have been a good 
indicator for fresh contamination with engine oil. It is nevertheless important to consider that the 
occurrence of ultrafine particles is not exclusive, and it is likely to be mixed up with other sources e.g. 
engine exhaust or condensation. 
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Environmental Control System (ECS) Pack surface samples (FACTS-D7-T2.5) 
 
Conclusions: ECS Wipe Sampling 

 Wipe samples were dominated by concentrations of organic carbon and organic acids. 
 The contribution of TCP (m/p isomers) to the total  measured organophosphates in the 

examined ECS parts, amounts to a minimum of 2 and a maximum of 44% for respectively 
PRSOV and ACM turbine intlet. 

 Less than 1% of the total chemical substances measured is related to organophosphates. For 
PAH and PCB this is less than 0.02%. 

 The OPCs with the highest concentrations found in ECS samples were tri-n-buthyl phosphate, 
tris(1-chloro-2propyl) phosphate and dibutyl phenylphosphate. 

 No mono-, di- or tri-ortho-cresyl phosphates were detected above the detection limit of 
0.00001 µg/cm2. 

 In all parts of the ECS, m/p isomers of tricresyl phosphate were identified. 
 The average organic carbon (OC) content ranged from 91% to 99% of the total carbon content. 

The elemental content (EC) content of total carbon was low. 
 The results clearly indicate that PAHs were found primarily in concentrations below or slightly 

above the detection limit range of 0.00005–0.0001 µg/cm2. The absence of PAH in deposits is 
consistent with the results from Test Flight 1 for the cockpit and cabin-air samples, as well as 
for the wipes taken from Bleed Air Duct HP2. 

 No detectable concentrations of the 7-indicator PCBs were found in any part of the ECS. The 
detection limit ranged from 0.000002 µg/cm2 to 0.000013 µg/cm2. The absence of PCBs in 
deposits was consistent with the results from Test Flight 1 for the cockpit and cabin-air samples, 
as well as for the wipes taken from Bleed Air Duct HP2. 

 The results of visual inspections did not correlate to the total amounts of contaminants 
analysed. Visual light contaminated surfaces contained less OPCs compared to visual heavily 
contaminated surfaces. 

 
Recommendations: ECS Wipe Sampling 

 Sample ECS components directly at the aircraft before they are shipped to MRO, and sample 
from all possible parts of the ECS, in order to provide a complete picture of a given aircraft. 
Consider that the individual components of the ECS may have different histories on particular 
aircraft, as they may have flown on other aircraft before. 

 Expand the dataset and scope, in order to understand how the deposited chemicals would 
impact bleed air concentrations, and thus exposure doses to passengers and crew.  

 Expand the study to include sampling from ECS ducts, APU ducts and mixers. 
 Given the current lack of scientific evidence concerning the relative homogeneity of the internal 

surfaces of ECS parts in terms of being coated with deposits, no rough calculations can be 
made for a total concentration of chemicals in deposits for the total area of a particular ECS 
part. 

 
Preliminary Experiments (FACTS D7-T3A.1) 
 
Conclusions, Method Development: Cold-trapping 
The method development for the cold-trapping procedure (impinger in liquid N2) resulted in the highly 
repeatable trapping of the various components in the oil-fume mixture. Although some particles were 
lost due to breaking through the impinger, they were able to be captured partly with an additional 
impinger filled with glass beads/fish water, placed in series after the first impinger. Mixing the trapped 
oily substance into fish water was most effective when the condensate was mixed into fish water during 
three days before it was used in the neuromotor assay. Furthermore, the methodology of CaE and NTE 
enzyme-inhibition testing was successfully applied to frozen homogenates of those zebrafish. In 
summary, the approach consisting of fume trapping followed by WAF extraction, zebrafish neuromotor 
viewing and, finally, enzyme-inhibition assessment is considered ready for testing the neurotoxic hazard 
of oil-fume mixtures. There are of course limitations to particle trapping using this approach. The particle 
size distribution, and the associated translocation, entering routes and target organs of the original 
fumes are moditied by trapping, and testing them submerged in-vitro assays, such as the zebrafish 
neuromotor assay and the MEA assay. 
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Assessment of six fumes generated with mini-BACS (FACTS-D7-T3A.2) 
 
Conclusions: Prediction of actual hazards from generated fumes 
• Despite the stable conditions, which resulted in a steady output of test atmospheres, the cold-

trap procedure did not collect sufficient amounts of pyrolysates for ZITO to perform the required 
test in zebrafish. The amount required for the zebrafish test was 1ml, and the maximum amount 
collected was ±30 µl. 

• Collecting the test atmosphere on four parallel Teflon filters allowed for the sampling of 
sufficient amounts for IRAS-UU to perform the MEA test, as well as additional in-vitro toxicity 
testing on lung cells that guide the planned air-liquid interface exposure.  

• Both acute (0.5 h) and sub-chronic (24-48 h) exposure to oil fumes induced inhibition of 
neuronal activity in primary rat cortical cultures., hydraulic oil fumes have a higher neurotoxic 
potential (IC75s: 1-2.5 µg/mL) compared to engine oil fumes (IC75s: 22-49 µg/mL), evaluated 
using IC75s (calculated concentrations that inhibit activity to 75%). Increasing the duration of 
exposure from 0.5 to 48h reduced the neurotoxic potential of hydraulic oil fumes 4- to 10-fold 
(IC75s: 11-12 µg/mL). For engine oil fumes, increasing exposure duration to 48h  has limited 
effect on the neurotoxic potential of engine 4 (IC75: 32 µg/mL), decreased the neurotoxic 
potential ~2-fold for engine 1 (IC75: 90 µg/mL) and engine 2 (IC75: 45 µg/mL), but increased 
the neurotoxic potential ~3-fold for engine 3 (IC75: 11 µg/mL). Cell viability analysis indicates 
a limited cytotoxic potential, highlighting that the oil fumes exert a functional neurotoxic effect. 

• Expressed per milligram of condensate, hydraulic-fluid samples were more toxic than the 
engine-oil samples were at given doses of 4–500 µg/mL. For the same type of oil samples, 
toxicity may differ by brand of oil, and especially for the brand of engine oil used in the present 
study. The chemical compositions in oil samples might constitute the most important factor 
affecting their toxicity. 

• Engine Oils 1–4 exhibited mutually comparable chemical-profile results. Hydraulic Oils 1 and 2 
clearly differed from the engine oils. Major differences between hydraulic fluids and engine oil 
include the very low organic acids and very low aldehyde content. 

• Concentrations of formaldehyde and acetaldehyde in the fumes of Engine Oils 1–4 ranged from 
a minimum of 81% to a maximum of 86% of the total aldehyde-ketone concentrations measured 
in the engine-oil fumes. 

• These results are subject to some study limitations. First and foremost, the miniBACS is a 
downsized and simplified representation of the situation of an aircraft system. Fumes generated 
and condensing in the system may be different in different realistic and other test settings. 
Second, the use of in vitro testing systems do not allow for a risk assessment or translation of 
exposure levels to potential health effects. The is due to differences in toxicokinetics (sampling; 
transfer from filters to medium) and the use of an in vitro bioassay that does not reflect the 
conditions in real life 

 
Bioassay assessment and limited mice inhalation study (FACTS-D7-T3A.3) 
 
Conclusions: Neurotoxicological effect (in vivo study with mice) 
An in-vivo study was designed and prepared in order to test whether exposure to oil fumes exerts a 
neurotoxicologogical effect. The study involved the inhalation exposure of mice to oil fumes and testing 
for neurotoxicity according to several behavioural and histopathological parameters. The in-vivo study 
was also planned to contribute to the search for biomarkers of exposure and effect. A neurobehavioural 
test battery was to be used to assess the effect of exposure to fumes on neurological functioning.  
 
The preparations for the in-vivo study included obtaining approval from the animal ethical committee. 
This required the submission of an application containing a detailed description of the rationale behind 
the study, the experimental design and the expected outcome. The FACTS project ended before this 
approval process was finalised. The planned experiments have yet to be performed. 
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Toxicological Risk Assessment Methodology (FACTS-D7-T3B) 
 
Conclusions: Toxicological Risk Assessment for Cabin Air Pollution 
 
The environment for aircrew and passengers during flight, differs fromenvironmental conditions on the 
ground. This has no influence on the intrinsic toxic properties of chemicals. Although exposure 
conditions vary, they are similar to industrial settings on the ground with regard to co-exposure to other 
chemicals, agents (e.g. radiation), physiological stressors (e.g. noise, vibrations) or work-time 
regulations (e.g. duration and shift work). The same applies to the exposure conditions experienced by 
the general public. 
 
In terms of exposure duration, the number of exposure hours experienced by air crew over the course 
of a year are lower than compared to industrial settings. On a daily basis, however, the duration of 
exposure within a 24-hour period can sometimes exceed the TWA reference value of eight hours, 
although this is not common. The likelihood that longer daily exposures will increase the risks 
associated with a given chemical depends on the toxicokinetic and toxicodynamic properties of that 
chemical. For passengers, the reference value for the general population is highly conservative with 
respect to duration of exposure. 
 
In literature, no evidence was found that the hypobaric conditions experienced in the aircraft cabin 
influence internal exposure to chemicals at the same external concentrations that are experienced in 
the air at ground level.  
 
Based on this finding, there is no need to adjust existing reference values for application to the cabin 
environment. Only if exposure to a given chemical in cabin air approaches the reference value should 
additional attention be paid to the influence of longer exposure over 24 hours during the brief periods 
that are likely to occur several times a month.   
 
In general, reference values for the general public are lower than occupational reference values. In 
principle, occupational reference values can be modified to suit the general public if the point of 
departure (PoD) is known. 
 
Mitigation Measures (FACTS-D6-T4) 
 
Conclusions: Risk mitigation Strategy 
The report also includes an evaluation of the various possible measures. Although the comparison of 
measures is difficult due to sometimes fundamental differences, some are clearly quite promising and 
could potentially be introduced without much effort. According to the results of the gap analysis, aside 
from the clear certification specifications for carbon dioxide, carbon monoxide and ozone, aircraft 
standards for cabin air quality are of a relatively qualitative character. Although this does not hinder the 
implementation of effective mitigation measures, it also does not support their effective and structural 
integration either. 
 
If the aircraft industry as a whole wishes to move forward with the further improvement of CAQ and the 
further mitigation of concerns associated with engine-oil contamination, several measures are possible. 
It is nevertheless up to each individual player in the field either to enforce them through certification 
requirements or to apply aircraft standards on an individual basis. 
 
Within the FACTS project this report identifies several mitigating measures that are either owned by or 
closely related to the various consortium members. As such, the opportunity to test these devices during 
the FACTS project provides an effective and quick opportunity for assessing the effectiveness of the 
measures. It is therefore recommended to include the available technologies (predominantly sensors) 
in the different experiments for testing. 
 
Given the variety of aircraft standards and their adoption by the various aviation authorities, it seems 
necessary to harmonise the certification process for bleed air quality across authorities (primarily the 
FAA and the EASA) and to enforce the respective requirements consistently in the engine-certification 
process. 
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The umbrella certification requirement regarding equipment and systems as installed in aircraft (EASA 
CS 25.1309) charges the installer with certifying the proper functioning of any new technology under 
the operating and environmental conditions of the aircraft. It is nevertheless important to determine the 
complete set of contaminants (including their maximum levels) that could play a role in CAQ. The EASA 
could take a leading role in defining these contaminants and the maximum levels that should be either 
detected by a sensor or reduced by a filter/converter, if deemed necessary. By advancing such a 
framework, the EASA could take a pro-active role in this field. 
 
According to current aircraft certification standards, a type of aircraft is cleared for certification and 
operations based on calculations and a single test of compliance with regulations upon initial aircraft 
certification. There are no explicit requirements for the periodic or continuous measurement of certain 
compounds (e.g. CO, CO2 or O3). The EASA should review this procedure and assess whether the 
current certification process provides sufficient confidence in, and guarantees for, the quality of the air 
in aircraft throughout its operational lifetime, based on the initial type certification and given the known 
variables affecting aircraft operation. The FAA and the EASA could expand upon the continued 
operational safety (COS) requirements to require verification of CAQ at specific times, including after 
the change of an engine or APU, after the change of a major ECS component (e.g. air cycle 
machine/ACM or acoustic mufflers) or upon a C-Check, if the air conditioning system or engine have 
been part of the maintenance. This procedure could be combined with a typical inspection flight 
following heavy maintenance. Specific verification checks should be clearly described. 
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10 Abbreviations 
ACM Air Cycle Machine 
AGÖF Association of Ecological Research Institutes (Arbeitsgemeinschaft Ökologischer 

Forschungsinstitute) 
A-ICE Anti-icing 
AMDIS Automated Mass spectral Deconvolution and Identification System 
AOG Aircraft On Ground 
APU Auxiliary Power Unit 
ASE Accelerated Solvent Extractor 
ASHRAE American Society of Heating, Refrigerating and Air Conditioning Engineers 
ASTM American Society for Testing and Materials 
ATA Air Transport Association 
B/C Business Class 
B757 Boeing 757 aircraft 
BACS Bleed Air Contamination Simulator 
BC Black Carbon 
BDPL/R Bleed Duct Pressure Left/Right 
BDPP Butyl Diphenyl Phosphate 
BF Baseline Flight 
BTS Bleed Temperature Sensor 
CA Cabin Altitude 
CAC Cabin Air Contamination 
CAQ Cabin Air Quality 
CAS Calibrated Air Speed 
CAS no. Chemical Abstracts Service number 
CC Corona Charger 
CFR Code of Federal Regulations 
CM3 Crew Member Seat 3 in the Cockpit 
CO Carbon monoxide 
CO2 Carbon dioxide 
CPC Condensation Particle Counter 
CPU Central Processing Unit 
CRZ Cruise 
CS Certification Specifications 
DBPP Dibutyl Phenyl Phosphate 
DG-MOVE Directorate-General for Mobility and Transport 
DNPH Dinitrophenylhydrazine 
DTS Duct Temperature Sensor 
EASA European Aviation Safety Agency 
ECS Environmental Control System 
EDS Energy Dispersive Spectroscopy 
EDX Energy Dispersive X-ray spectroscopy 
EEPS Engine Exhaust Particle Sizer 
EFSA European Food Safety Authority 
EICAS Engine Indicating and Crew Alerting System 
EM Electron Microscopy 
EMI Electromagnetic Interference 
EN European Norm 
EPA Environmental Protection Agency 
EPR Engine Pressure Ratio 
EU European Union 
FAA Federal Aviation Administration 
FACTS FreshAircraft 
FAV Fan Air Valve 
FC Flight Cycles 
FCSOV Flow Control and Shut-Off Valve 
FDR Flight Data Recorder 
FH Flight Hours 
FL Flight Level 
ft feet 
FWD Forward 
GC Gas Chromatography 
GC-MS Gas Chromatography–Mass Spectrometry  
GDA Gas Detector Array  
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HAADF High Angle Annular Dark Field 
HP High pressure Port 
HPLC High Performance Liquid Chromatography 
HPSOV High Pressure Shut Off Valve 
HPV High Pressure Valve in the engine 
HRGC High Resolution Gas Chromatography 
HRMS High Resolution Mass Spectrometry 
Hz Hertz 
IAS Indicated Air Speed 
IFA Institute for Occupational Safety 
IMS Ion Mobility Spectrometer 
IMS  Ion Mobility Spectrometry 
IOELV Indicative Occupational Exposure Limit Value 
IP Intermediate pressure Port 
IP (units) Imperial System of Units 
ISA International Standard Atmosphere 
ISO International Organization for Standardization 
kts knots 
L(H) Left (Hand) 
lbs pound 
LOD Limit of Detection 
LP Low pressure Port 
lpm litre per minute 
LTO Landing/Take-Off 
MMEL Master Minimum Equipment List 
MOS Metal-Oxide Sensor 
MS Mass Spectrometry 
MSAR Mass Spectrometer Analysis Rack (with PTR-MS) 
n.d.  Not detected 
n.m. Not measured 
NA Not Applicable 
NAS Nanometre Aerosol Sampler 
NASA National Aeronautics and Space Administration 
NDIR Nondispersive Infrared 
NIST National Institute of Standards and Technology 
NL Normal Litre 
NOAEL No Observed Adverse Effect Level 
NTC Negative Temperature Coefficient 
O3 Ozone 
OECD Organisation for Economic Co-operation and Development 
OEL Occupational Exposure Limits 
OP(C) Organophosphate Compound 
OSHA Occupational Safety and Health Administration 
PACK Pressurization Air Conditioning Kit 
PAH Polycyclic Aromatic Hydrocarbon 
PCB Polychlorinated Biphenyl 
PCDD Polychlorinated dibenzo-p-dioxins 
PCDF Polychlorinated dibenzofurans 
PCOT Pack Compressor Outlet Temperature 
pg picogram 
PID Photo-ionisation Detector 
PM Particle Matter 
pnc particle number concentration 
ppb Parts Per Billion 
ppm Parts Per Million 
ppmv Parts Per Million by Volume 
PRSOV Pressure Regulator and Shut Off Valve 
PRV Pressure Regulating Valve of the engine bleed supply  
psi(a/g) pound per square inch (absolute/gauge) 
PSU Passenger Service Unit 
pt particles 
PtF Permit to Fly 
PTR-MS Proton Transfer Reaction Mass Spectrometry 
PUF Polyurethane Foam 
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QAR Quick Access Recorder 
QNH Aeronautical Q code indicating ‘atmospheric pressure at sea-level’ 
R(H) Right (Hand) 
REACH EU regulation for Registration, Evaluation, Authorisation and Restriction of 

Chemicals 
Recirc Recirculation 
RPM Rotations Per Minute 
RR SS Rolls Royce Smell Scale (used by the Aerotracer) 
SCENIHR Scientific Committee on Emerging and Newly Identified Health Risks 
SDD Silicon Drift Detectors 
SI (units) International System of Units 
SIFT-MS Selected Ion Flow Tube Mass Spectrometry 
SMPS Scanning Mobility Particle Sizer 
SO2 Sulphur dioxide 
STEM Scanning Transmission Electron Microscopy 
T(x,x,x)CP Tri(x,x,x)-Cresyl Phosphate, where x defines m, o, or p isomers 
TAT Total Air Temperature 
TAV Trim Air Valve 
TBP Tri-n-Butyl Phosphate 
TCP Tricresyl Phosphate 
TCPP-1 Tris(1-chloro-2-propyl) Phosphate 
TCPP-2 Bis(1-chloro-2-propyl) (2-chloropropyl) Phosphate 
TD Thermal Desorption 
TEHP Tris(2-ethylhexyl)phosphate 
TEM Transmission Electron Microscopy 
TEQ Total Equivalent 
TF Test Flight 
TGRS Technical Rules for Hazardous Substances (Technische Regel für Gefahrstoffe) 
THF Tetrahydrofuran 
TLA Throttle Level Angle 
TLV Threshold Limit Value 
TO Take-Off 
TO-15 (EPA method) Toxic Organics 15 
ToC Top of Climb 
ToD Top of Descent 
TPhP Triphenyl Phosphate 
TVOC Total Volatile Organic Compounds 
TWA Total Weighted Average 
UBA Umweltbundesamt (German Committee on Indoor Air Values) 
UFP Ultrafine Particles 
UFP Ultrafine Particle 
UPLC Ultra Performance Liquid Chromatography 
UPS Uninterruptible Power Supply 
UTC Coordinated Universal Time 
UV Ultra-Violet 
VAC Voltage Alternating Current 
VIPR Vehicle Integrated Propulsion Research (NASA program) 
VOC Volatile Organic Compound 
WHO 
 

World Health Organization 
 

 
 


