Quantification of Aldehydes Emissions from Alternative and Renewable Aviation Fuels using a Gas Turbine Engine 
Hu Lia*, Mohamed A. Altahera, Chris W.Wilsonb, Simon Blakeyb, Winson Chungb, Lucas Ryeb
aEnergy Research Institute, Leeds University, Leeds, UK
bDepartment of Mechanical Engineering, Sheffield University, Sheffield, UK
Corresponding Author
Dr Hu Li, Energy Research Institute, School of Process, Environmental and Materials Engineering, Leeds University, Leeds, LS2 9JT, UK. Email: fuehli@leeds.ac.uk. Tel: 0044 113 3437754. Fax: 0044 113 2384.
ABSTRACT 
In this research three renewable aviation fuel blends including two HEFA (Hydrotreated Ester and Fatty Acid) blends and one FAE (Fatty Acids Ethyl Ester) blend with conventional Jet A-1 along with a GTL (Gas To Liquid) fuel have been tested for their aldehydes emissions on a small gas turbine engine. Three strong ozone formation precursors: formaldehyde, acetaldehyde and acrolein were measured in the exhaust at different operational modes and compared to neat Jet A-1. The aim is to assess the impact of renewable and alternative aviation fuels on aldehydes emissions from aircraft gas turbine engines so as to provide informed knowledge for the future deployment of new fuels in aviation. The results show that formaldehyde was a major aldehyde species emitted with a fraction of around 60% of total measured aldehydes emissions for all fuels. Acrolein was the second major emitted aldehyde species with a fraction of ~30%. Acetaldehyde emissions were very low for all the fuels and below the detention limit of the instrument. The formaldehyde emissions at cold idle were up to two to threefold higher than that at full power. The fractions of formaldehyde were 6~10% and 20% of total hydrocarbon emissions in ppm at idle and full power respectively and doubled on a g/kg-fuel basis.  
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1. INTRODUCTION
Air transport has been steadily increasing by ~5% per year globally over the past three decades and forecasted to continue to increase in the next decade (Belobaba et al., 2009). With the increase in demand for air transport, emissions from aircraft engines have to be monitored and controlled to protect public health and the environment, particularly in the vicinity of airports. 
There are a variety of air pollutants emitted from aircraft engines that can potentially affect human health and the environment. Common species such as NOx (Nitrogen Oxides), CO (Carbon Monoxide), UHC (Unburned Hydrocarbon) and smoke are regulated by ICAO (International Civil Aviation Organization) (ICAO, 2008) and considered as primary species in emission inventories. CO2 as a greenhouse gas is considered as a global concern rather than a local issue. There is an increasing concern and need to include additional emission species which have potential health and environmental concerns in emission inventories. These species are often called HAPs (Hazardous Air Pollutants), which are part of VOCs (Volatile Organic Compounds). ICAO reported some examples of HAPs that have been identified as representative pollutants from airport sources including formaldehyde, acetaldehyde, acrolein, 1,3-butadiene, benzene, Naphthalene, toluene, xylene and propionaldehyde (ICAO, 2011). These compounds play an important role in the atmospheric chemistry and urban air quality (ICAO, 2011, Leikauf, 2002, Koenig, 2000) and have major health concerns. They are also precursors to free radical ozone productions (Lea-Langton et al., 2009). The research for aviation activity related or sourced HAPs is at early stages and knowledge on these HAPs emissions is very limited (ICAO, 2011). It is reported that formaldehyde, acetaldehyde, acrolein and methyl ethyl ketone are the main species of carbonyl emissions from the engine exhaust and are toxic, mutagenic and even carcinogenic to human body (He et al., 2009, Pang et al., 2006). Both formaldehyde and acetaldehyde were classified as a probable human carcinogen by EPA in 1987 and exposure to them can cause irritation of the eyes, nose and respiratory tract (EPA, 1989). Formaldehyde has a strong potential to form ozone and is classified as an active ozone formation precursor. Ozone is irritant gas that can pose hazards to mucous membranes of eyes and respiratory tract. 
Knighton et al (Knighton et al., 2007b) measured 20+ VOCs including aldehydes and benzene using the tunable infrared laser differential absorption spectroscopy for formaldehyde and the proton transfer reaction mass spectrometer for other VOCs from CMF56-2-C1 engines of a DC-8 aircraft during APEX program using three different fuels: two batches of JP8 containing 17.5% and 21.8% aromatics respectively and a high sulfur jet fuel. They found that formaldehyde and  benzene concentrations were hardly detectable at the higher engine thrust conditions,  until the  engine thrust was reduced to 15% or lower, where they started to increase quickly as the engine thrust continued to reduce to idle. Li et al (Li et al., 2011) assessed aldehydes emissions under atmospheric pressure and 600K using a radial swirler industrial low NOx gas turbine combustor and compared aldehydes emissions between B100 (100% Waste cooking oil Methyl Ester or WME), B20 (80% Kerosene: 20% WME) and pure kerosene. In their experiment, the same FTIR (Fourier Transform Infrared) instrument as in this paper was used to determine aldehydes including formaldehyde, acetaldehyde and acrolein. Their results showed that formaldehyde was the most prevalent aldehyde species for all the fuels, accounted for up to 50%.  
There has been an increasing interest in the development of alternative fuels for aviation due to energy supply security concerns and potential environmental benefits (CO2 reduction). The alternative aviation fuels include both synthetic and renewable jet fuels (D. Bulzan et al., 2010). Synthetic fuels, also called FT-SPKs (FT- Synthetic Paraffinic Kerosenes), are derived from coal (CTL-Coal To Liquid) or natural gas (GTL-Gas To Liquid) via the FT (Fisher Tropsch) process. Extensive researches and tests have been done on these fuels for the certification purposes. The blends of up to 50/50 (by volume) of FT-SPK with JP-8 or Jet A have been approved in the USA for the US military and civil aviation use (MIL-DTL-83133H, 2011). However, these alternative fuels are not renewable as coal and natural gas are fossil fuels. Although biomass can be used in the FT process to produce BTL to make it renewable, the cost is high and the availability of large amount of biomass is a question (Rye et al., 2010). The interests therefore have been moved to Hydrotreated Renewable Jet (HRJ) or Hydrotreated Vegetable Oil (HVO). HRJ or HVO is hydrocarbon aviation fuels produced from vegetable/plant oils or animal fats via hydroprocessing. This type of fuel is also called bio-SPK, “green jet” or HEFA (Hydrotreated Ester and Fatty Acid). 
All alternative/renewable aviation fuels are required to be drop-in fuels (Blakey et al., 2009), which mean that they must be completely interchangeable and compatible with conventional kerosene based jet fuels and can be added to conventional jet fuels as a substitute without a need to modify the engine and fuel system. These alternative/renewable aviation fuels have no or trivial amount of aromatic hydrocarbons and sulphur (Corporan et al., 2011), which are an advantage over conventional kerosene based fuels because of its benefits on the reduction of particulate matter emissions (Lobo et al., 2011). Lobo et al  (Lobo et al., 2012) compared regulated gaseous and particulate matter emissions from the same engine as in this paper between CTL, GTL fuels and Jet A-1 and reported a significant reduction in PM emissions by CTL and GTL fuels and remarkable hydrocarbon reductions by GTL fuel. Christie et al (Christie et al., 2012) measured PAH emissions from the same engine using neat CTL, neat GTL fuels and 50/50 GTL/Jet A-1 blend and reported a significant reduction by GTL but an increase by CTL. There are other potential benefits from these alternative fuels that need to be identified. This forms the objective of this paper, i.e. to assess and quantify aldehydes emissions of three renewable aviation fuel blends and one alternative fuel (GTL), and compare them with conventional Jet A-1 fuel.  
2. EXPERIMENTAL
2.1 Fuels
The neat conventional kerosene based Jet A-1 was used as the reference fuel. Three renewable fuel blends and a neat GTL fuel (can be used as a component of aviation fuel) were tested. Table 1 shows the blending ratio and selected chemical and physical properties of each fuel. Two separate fuel tanks were used with one for Jet A-1 and the other for testing fuels. 
 




Table 1. Selected properties of the fuels tested
	Fuel code
	Fuel blending ratio
	Specific heat
(MJ kg-1)
	Sulphur
(ppm)
	H/C Ratio
	Density 
(kg m-3)
	Aromatics 
(wt%)

	Jet A-1
	Jet A-1 
100%
	43.2
	669
	1.89
	803.5
	16

	E
	100% GTL
	44.4
	<5
	2.19
	737.9
	~0

	F
	HEFAa:Jet A-1
50:50
	43.5
	335
	2
	780
	8

	H
	FAEb:Jet A-1
10:90
	42.18
	601
	2
	810
	15.5

	I
	HEFA:Jet A-1
75:25
	43.9
	181
	2.1
	763.6
	4.5


a:HEFA-Hydrotreated Ester and Fatty Acid
b: FAE: Fatty Acids Ethyl Ester

2.2 Engine
An Artouste MK113 APU (Auxiliary Power Unit) engine was used as a test bed for the emission measurements. It is a single spool gas turbine engine, in which a centrifugal compressor is driven by two stage turbine through a single rotating shaft. All operating parameters of the engine such as fuel flow rate, RPM, exhaust temperatures and pressure and fuel consumption were monitored and recorded throughout the tests. Table 2 presents the selected nominal operational values for the APU at idle and full power for all the fuels.



Table 2. APU engine operating conditions 
	Power mode
	RPM
	Fuel flow rate 
(kg h-1)
	EGTc 
⁰C
	Air fuel ratio

	Idle
Full power
	20200~20800
34200~34400
	51~53
115~116
	500~506
520~546
	65~67
68~70


c:EGT-Exhaust Gas Temperature
2.3 Emission measurement
2.3.1 Overall set up
A stainless steel plate was fixed behind the APU exhaust so that the installed sampling probes would sit no further than half an exhaust diameter behind the engine exhaust plane as required per the Aerospace Recommended Practice (ARP) (SAE-Aerospace, 2004). Two sample probes were mounted on the steel plate, one for gaseous emission measurement and the other for PM measurement (not presented in this paper). The exhaust gas samples for gaseous measurements were transported to instruments via a heated sample transfer line maintained at 150⁰C to avoid water vapor condensation and to minimize heavy hydrocarbon condensation. A schematic of the setup for the study is presented in figure 1 excluding particulate matter measurement. 
During the test, the APU was started and stabilized using Jet A-1 for few minutes and then switched to testing fuels. The engine was set to run approximately 6 minutes at idle (cold idle) and 6 minutes at full power and then returning to idle (hot idle). The operating parameters of the engine were monitored and recorded (table 2). 
   APU
Pump
FID, NDIR, Chemiluminescence            

FRF                          FTIR 
THC
   NOx
CO/CO2
    FTIR
Hydrocarbon speciation

Figure 1 Schematic view of overall sampling system setup 
2.3.2 Gaseous emission measurements and aldehydes speciation

Gaseous emissions were measured by a FID (Flame Ionization Detector) for THC (Total Hydrocarbon), a NDIR (Non-Dispersive Infrared) for CO and CO2, and a chemiluminescence for NOx. All these instruments were calibrated using calibration gas bottles (zero and span gases) each time when a new fuel was to be tested.  
A Gasmet CR-2000 Fourier Transform Infrared (FTIR) was used to detect and quantify three aldehydes: formaldehyde, acetaldehyde and acrolein, along with 35 other calibrated VOC compounds. The FTIR is capable of measuring concentrations as low as 0.5-3 ppm depending on species and applications with 2% accuracy of the measurement range. The calibration ranges for formaldehyde, acetaldehyde and acrolein were 0~100, 0~200 and 0~500 ppm respectively. The exhaust sample was drawn at the same position as that for regulated gaseous emission analyzers by a heated sample line with its temperature being controlled at 180⁰C. The sample flow rate was 2-3 l.min-1. The samples were analyzed at a frequency of 0.5Hz. At least two hundred measurements for each testing condition were taken and the average values were reported. One of the main objectives of using the FTIR in this study is to get specified hydrocarbon information, including alkenes, aromatic hydrocarbon, and aldehydes.  This paper is focused on aldehydes emissions due to their strong ozone formation potentials.
2.3.3 Emission index calculation
The emission measurements were on a volumetric basis. These were converted into emission index using equation 1 (SAE-Aerospace, 2004, Li et al., 2011):  

As   and ; thus:
   g/kg-fuel	Equation 1
Where; mi is the mass rate of the emission component i; Ci is the concentration of the component; Di is the density of an emission component i; Ve is the volumetric flow rate of the exhaust gas; me is the mass flow rate of the exhaust gas; De is the density of the exhaust gas (air density is used here); AFR is the air/fuel ratio on a mass basis calculated by carbon balance; mf and ma are the fuel and air mass flow rate respectively; MWi and MWa are the molecular weight of the emission component i and air respectively.  
3. RESULTS and DISCUSSIONS
3.1 Aldehydes emissions as a function of engine power and warm up
Aldehydes emissions are the products of incomplete combustion and are related to combustion temperatures and thus engine power settings. The EI (Emission Index) of three aldehydes: formaldehyde, acetaldehyde and acrolein were determined at three engine operation conditions (cold idle, full power and hot idle) for five fuels. The results are shown in figures 2 to 4 with error bars. These error bars are estimated based on the detection limit of the FTIR (~2ppm). All three aldehydes emissions are at the highest levels at cold idle and the lowest levels at full power, which were directly related to the combustion temperatures. 
At idle conditions, the HEFA fuels F and I showed the similar formaldehyde emissions with Jet A-1 while neat GTL fuel E and 10% FAE fuel H had lower levels of formaldehyde emissions than Jet A-1. This could be attributed to the differences in their carbon chain structure.  HEFA fuels have more branched hydrocarbons than GTL fuel and similar to Jet A-1. These branched hydrocarbons have a stronger tendency for α scissions of carbon chains than straight chain hydrocarbons such as GTL fuels, which is a major formation route for formaldehyde.   
At the full power condition, all the fuels had similar formaldehyde emissions with Jet A-1 except fuel H which showed higher formaldehyde emissions than the Jet A-1 value. For the FAE blend fuel H, there are two contrary factors affecting its combustion and emissions compared to Jet A-1: fuel born oxygen as a positive factor which could improve combustion and reduce emissions, and higher viscosity and lower volatility relative to Jet A-1 as negative factors which could deteriorate combustion and emissions. The higher than Jet A-1 formaldehyde emissions at full engine power for the FAE blend fuel H could be due to the fact that the negative factors  (higher viscosity-approximately doubled compared to Jet A-1, and lower volatility) became dominant and affected fuel vaporisation and atomisation in the combustion chamber and thus produced higher emissions than Jet A-1. At the cold and hot idle conditions, the positive factor (fuel born oxygen) became dominant and assisted the oxidation of the fuel. As a result, formaldehyde emissions from the fuel H were lower than the Jet A-1 values at idle. The overall effect of the positive and negative factors on the combustion and emissions is related to engine load and ultimately fuel flow. At the idle conditions, the fuel flow rate to the engine was low and the impact of viscosity and volatility was low. Therefore the positive effect of fuel born oxygen became dominant. At the full power condition, as the fuel flow rate to the engine increased significantly, the impact of inferior vaporisation and atomisation properties of FAE became significant and thus the combustion efficiency deteriorated compared to Jet A-1. Pandey et al (Pandey et al., 2012) analysed the correlation of biodiesel’s properties and fuel spray characteristics in diesel engines and found that viscosity of fuels could have great influences on atomization and vaporization, which could therefore affect combustion efficiency and emissions. Szybist (Szybist et al., 2007) and Habib (Habib et al., 2010) showed that the presence of oxygen in the biodiesel can reduce particulate matter and CO emissions, which supported the findings that the presence of oxygen in the FAE could reduce formaldehyde emissions.  
By the comparison of the cold and hot idle emissions, it was observed that the engine produced higher formaldehyde emissions at cold idle than that at hot idle, indicating a lower combustion temperature at cold idle due to the cold engine components. The emission index of formaldehyde for Jet A-1 is ~4.5 g/kg-fuel and 3.6 g/kg-fuel at cold and hot idles respectively, much higher than the values measured by Knighton et al (Knighton et al., 2007a) from CMF56-2-C1 engines of a DC-8 aircraft in APEX program, in which they reported approximately 0.300~2.5 g/kg-fuel at 4% rated thrust (ground idle condition). The large variations in Knighton’s data were due to the change of ambient temperatures. The measurement in this research was taken via the indoor test and therefore the effect of ambient temperatures was minimal. Spicer et al (Spicer et al., 1999) measured formaldehyde from aircraft gas turbine engines and reported a value of 1.24 g/kg-fuel at 4% rated thrust, one third of the hot idle formaldehyde emissions of this research. The high aldehydes emissions from this research are due to the engine technology, as the engine used in this paper is 1950’s design whereas Knighton et al used a modern engine.
  The formaldehyde emissions at cold idle were two to threefold higher than that at full power for Jet A-1 and two HEFA blends (fuels F and I). For the FAE blend (fuel H), the difference between idle and full power was small due to its relatively lower idle emissions and higher full power emissions. Wei et al (Wei et al., 2009) investigated the aldehydes emission mechanisms from blend fuels using the spark ignition engine. They concluded that the emissions of formaldehyde and acetaldehyde are controlled by combustion temperature and gas flow velocity (i.e. residence time). No formaldehyde and acetaldehyde will be emitted when the temperature is too high or too low due to rapid consumption and the frozen generation respectively. The high formaldehyde emissions at idle in this study were due to relatively low combustion temperatures and thus low consumption that would be accelerated at higher temperatures. The fuel borne oxygen accelerated the consumption of formaldehyde at the idle condition with the FAE blend (fuel H), thus lowering the formaldehyde concentration.   

Figure 2 Formaldehyde emissions for each fuel at three different engine operation conditions
Though acetaldehyde and acrolein emissions, as shown in figures 3 and 4, had a general trend of the highest at cold idle and lower at hot idle and the lowest at full power, similar to the trend of formaldehyde emissions, the error bars for these two aldehydes are large, indicating a greater uncertainty for the values due to the sensitivity of the FTIR. Therefore the reductions at hot idle was marginal. However, the reductions at full power are still evident for acetaldehyde and acrolein. Figure 4 shows the acrolein emission index for all fuels. The differences were not discernible between cold and hot idles. Notable reductions at full power were observed.   

Figure 3 Acetaldehyde emissions for each fuel at three different engine operation conditions


Figure 4 Acrolein emissions for each fuel at three different engine operation conditions
Formaldehyde, acetaldehyde and acrolein emissions were summated as the total aldehyde emissions in terms of mg/kg-fuel. The fractions of each aldehyde as a ratio of total aldehydes emissions are presented in figure 5. The results show that formaldehyde is dominant for all conditions and fuels with around 60% of share except fuel H at full power. Acrolein as the second dominant aldehyde has a share of around 30%. Acetaldehyde emissions were very low for all the fuels and have around 10% of total aldehydes. The uncertainty for the acetaldehyde emission was high due to that its concentrations were close to the detection limit of the FITR and there were no clear differentiations between fuels. The dominance of formaldehyde could be due to two reasons: the breakup of hydrocarbon chains during the partial oxidation of fuel is mainly α scissions of carbon chains and that formaldehyde is more stable and its bond dissociation energy is much higher than other aldehydes. 
  
Figure 5 Fractions of formaldehyde, acetaldehyde and acrolein in total measured aldehyde emissions (EI) at three engine operation conditions for different fuels 
3.2 Comparison with Jet A-1 

One of the criteria for assessing any aviation alternative fuels is their performance relative to conventional Jet A-1. It is hoped that alternative fuels provide improved performance including emissions or at least not worse than Jet A-1. Thus aldehydes emissions from four alternative/renewable fuels and their blends were normalised to Jet A-1 as shown in figures 6-8.
Figure 6 shows the normalised formaldehyde emissions. The reductions of 30~40% were observed for FAE fuel blend H and GTL fuel E at idle compared to Jet A-1. Fuel H showed a 43% increase at full power compared to Jet A-1. The rest of formaldehyde emissions showed ±5% variations relative to Jet A-1.           

Figure 6 Comparison of formaldehyde emissions normalized to Jet A-1 at three engine operation conditions
The normalised acetaldehyde emissions in figure 7 show there are no obvious differences between different fuels. The large error bars at full power were due to that the concentrations of acetaldehyde in the exhaust at full power were close to the FTIR detection limit. 
The normalised acrolein emissions are shown in figure 8. The results show that there are no clear differences between Jet A-1 and HEFA fuel blends (fuel F and I). Fuel H had a marginal reduction in acrolein emissions at full power compared to Jet A-1. The neat GTL fuel E showed notable reductions at cold idle and full power; particularly at cold idle with a 50±14% reduction.       

Figure 7 Comparison of acetaldehyde emissions normalized to Jet A-1 at three engine operation conditions 


Figure 8 Comparison of acrolein emissions normalized to Jet A-1 at three engine operation conditions
3.3 Fractions of formaldehyde in total hydrocarbon emissions 
For aircraft engine emission regulation, total hydrocarbon emissions (THC) was measured by FID (Flame Ionisation Detector) and represented as methane equivalent in term of emission index (g/kg-fuel) for the LTO (Landing Take-off) cycle (ICAO, 2008). This process counts all detected carbon atoms as CH4 and uses molecular weight of CH4 to calculate EI of THC including carbons from aldehydes. As formaldehyde is a prevalent aldehyde, the fraction of formaldehyde in THC by concentration (ppm) was determined as shown in figure 9. It shows that formaldehyde takes 6~10% at idle and ~20% at full power of THC concentrations. The percentages, however, have changed when converting concentrations to EI. The fractions of formaldehyde in THC in terms of EI in figure 10 showed almost doubled figures. This is because the molecular weight of formaldehyde (30) is almost double of methane (16). 
       The significance of getting fractions of formaldehyde from THC in terms of EI is that it enables estimation of formaldehyde emissions and thus ozone forming potentials (OFP) by legislated LTO THC values from ICAO database (ICAO) as formaldehyde is not a directly measured pollutant.   
 
Figure 9 Fraction of formaldehyde in total hydrocarbon emissions in term of ppm

Figure 10 Fraction of formaldehyde (g/kgfuel) in total hydrocarbon emissions (g/kgfuel, CH4 equivalent)
3. CONCLUSIONS
Formaldehyde, acetaldehyde and acrolein emissions as important HAPs identified by ICAO and EPA of the USA have been investigated for four alternative aviation fuel blends and Jet A-1 using a gas turbine engine. The work has provided the knowledge and information for the development of emissions inventories in terms of aldehyde emissions, which will help the promotion of deployment of alternative fuels in aviation sector and the quantification of their environmental impacts. Overall, all four alternative fuels/blends showed equivalent or lower aldehyde emissions compared to Jet A-1. Formaldehyde appeared to be the dominant aldehyde species. The detailed conclusions are as follow:
1. Two HEFA/Jet A-1 fuel blends (fuels F and I) had similar emissions for all three aldehydes at three engine operational modes with Jet A-1. 
2. The FAE blend (fuel H) showed decreased values at idle and increased values at full power for formaldehyde emissions. The contradictory effect of the FAE blend between idle (lower than Jet A-1) and full power (higher than Jet A-1) could be due to the trade-off between positive effect (improved oxidation by fuel born oxygen) and negative effect (deteriorated atomisation caused by higher viscosity and low volatility) of FAE. 
3. Neat GTL fuel achieved notable reductions in formaldehyde (~30%) and acrolein (50±14%) at idle compared to Jet A-1. The lower formaldehyde emissions could be because of it lower tendency for α scissions due to its straight carbon chain. Overall formaldehyde emissions were 2~3 times higher at idle than that at full power. 
4. Though the fraction of formaldehyde in THC is only 6~10% at idle and ~20% at full power, the mass emission (g/kg-fuel) of formaldehyde is doubled due to its higher molecular weight compared to methane. These fraction values can be used to estimate OFPs from legislated LTO cycle THC emission indices of aircraft engines, which are available from ICAO database with open access and thus provide a convenient way for assessing OFPs and their impact on air quality in the vicinity of airports.  
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Formaldehyde	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Jet A-1	E 	F	H	I	4462.3596636761886	1522.4045952225781	3642.9939153477762	3212.7752654996002	1449.0734192508858	3361.6558304575778	4525.8673850742052	1504.5642140316345	3780.2171404173509	2780.1049072922392	2182.6989568730924	2592.2789849097044	4536.893581371025	1543.9498764175642	3493.0445907398512	Formaldehyde EI (mg/Kg fuel)

Acetaldehyde	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Jet A-1	E 	F	H	I	694.87741555044636	103.45136796747164	556.1883540710993	436.10593224589576	172.05914735566404	518.52484093034093	861.03231689881432	199.20526661404901	719.27461917059532	601.58346764629289	128.78778593221736	460.14143811330104	956.52711456150405	148.81744014732973	669.77435684735883	 Acetaldehyde EI (mg/Kg fuel)

Acrolein	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Jet A-1	E 	F	H	I	1892.1091411941129	919.07671880035923	1404.4358783469929	943.75923189503919	289.73868009745678	1062.3939980410069	2001.7949339472066	988.61566134501834	1790.6236566164482	1515.7828306962481	454.82426981116555	1113.6995035870373	2263.108274054	861.39902156478331	1878.7643656039336	 Acrolein EI (mg/Kg fuel)

Formaldehyde	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Jet A-1	E 	F	H	I	0.6330175202275492	0.5982101632770479	0.65011459012427852	0.69954861799425982	0.75833126996407563	0.68014264938682045	0.61253950908617161	0.55882206099205645	0.60097738917140953	0.56766130734849296	0.78902876318618198	0.6222286037308179	0.58491286488148109	0.60448290049431253	0.57816708132008487	Acetaldehyde	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Jet A-1	E 	F	H	I	9.8573313584386812E-2	4.0649942805780478E-2	9.9255220360232529E-2	9.4957560672789196E-2	9.0042250440704838E-2	0.10490986492071597	0.11653375316296001	7.398839917336647E-2	0.11434998749269736	0.12283552927358546	4.6555786874594871E-2	0.11044843792764182	0.12331896370950642	5.8264584387367396E-2	0.11086073337513679	Acrolein	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Jet A-1	E 	F	H	I	0.26840916618806393	0.36113989391717155	0.25063018951548899	0.20549382133295094	0.15162647959521955	0.21494748569246358	0.27092673775086829	0.36718953983457708	0.28467262333589316	0.30950316337792161	0.16441544993922305	0.26732295834154024	0.2917681714090124	0.33725251511832016	0.31097218530477844	Fractions of each aldehyde

Cold idle	Jet A-1	E	F	H	I	1	0.71997228095523935	1.01423186972466	0.62301228874992309	1.0167028037433974	Hot idle	1	0.9227728370050432	1.0376677063586242	0.71157927933630216	0.95883898571002413	Full Power	1	0.95183200562990211	1.0376677063586242	1.4337180561084539	1.0141521388352326	Fuel
Formaldehyde normalised to 
Jet A-1 values

Cold idle	Jet A-1	E	F	H	I	1	0.62760124661762817	1.2391139755445189	0.86574042296330678	1.3765408015222256	Hot idle	1	0.93228280875520864	1.2932212871876281	0.82731224907035672	1.2042221883015902	Full Power	1	1.6631887111416916	1.2932212871876281	1.2449113865049353	1.4385255900542815	Fuel
Acetaldehyde normalised to
Jet A-1 values

Cold idle	Jet A-1	E	F	H	I	1	0.49878688884692524	1.0579701193578457	0.80110750362932837	1.1960770257817945	Hot idle	1	0.75645603649162962	1.2749771521957944	0.79298707812694913	1.3377359511886158	Full Power	1	0.31524972199888079	1.2749771521957944	0.49487084212603361	0.93724387088070216	Fuel
Acrolein normalised to 
Jet A-1 values

Formaldehyde/THC (%)	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Jet A-1	E 	F	H	I	9.9664624369961938	17.468120365475624	8.1364490431074277	7.2766411542951852	19.619608881738451	7.6138419718193679	9.7050063620715807	18.429209338221092	8.1060774159561291	6.7658143931144421	32.143891070960976	6.3087110206041306	9.7728714327743447	22.175662560656974	7.5243280632411045	Formaldehyde/THC by ppm (%)

Formaldehyde/THC (%)	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Cold Idle	Full Power	Hot Idle 	Jet A-1	E 	F	H	I	18.687117069367865	32.752725685266796	15.255841955826426	13.643702164303473	36.786766653259598	14.275953697161315	18.196886928884215	34.554767509164549	15.198895154917741	12.685901987089579	60.269795758051828	11.828833163632744	18.324133936451897	41.579367301231827	14.108115118577071	Formaldehyde/THC by EI (%)
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