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Highlights 26 

• Increasing fuel hydrogen content systematically reduced nvPM number, mass, and size  27 

• Measured nvPM emissions were loss corrected using particle size distributions 28 

• Particle loss correction factors are impacted by fuel composition and APU condition  29 

• APU exit nvPM emissions were inversely correlated with fuel hydrogen content 30 
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Abstract 49 

Replacement of conventional petroleum jet fuel with sustainable aviation fuels (SAFs) can significantly 50 

reduce non-volatile Particulate Matter (nvPM) emissions from aircraft main engines and auxiliary 51 

power units (APUs). As part of the Initiative Towards sustAinable Kerosene for Aviation (ITAKA) 52 

project, the impact of fuel hydrogen content on nvPM number and mass emissions and particle size 53 

distributions were investigated using a GTCP85 APU burning blends of conventional (Jet A-1) and 54 

Hydrotreated Esters and Fatty Acids (HEFA)-derived (Used Cooking Oil and Camelina) aviation fuels. 55 

The measurements were conducted during two separate test campaigns performed three years apart, 56 

each employing a different regulatory compliant sampling and measurement reference system for 57 

aircraft engine nvPM emissions. The objective was to investigate the correlation of fuel hydrogen 58 

content with nvPM number and mass emissions at the engine exit plane (EEP) independent of fuel 59 

composition, measurement system, and ambient conditions. The nvPM number and mass emissions 60 

and size distributions systematically decreased with increasing fuel hydrogen content regardless of 61 

the fuel composition or APU operating condition. The measured nvPM emissions were particle loss-62 

corrected to the EEP and normalised to a common fuel hydrogen content. Similar rates of nvPM 63 

reductions were observed for both test campaigns at all investigated APU operating conditions, 64 

confirming that engine exit nvPM reductions correlate with fuel hydrogen content for fuels of 65 

relatively similar compositions. This analysis method can be applied to emissions data from other 66 

engine types to compare the reduction in nvPM emissions for sustainable aviation fuels and blends. 67 

 68 

 69 
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1. Introduction 73 

Aviation is an essential mode of transportation in the modern world, connecting nations, economies, 74 

and facilitating the transportation of goods. The air transportation industry has been estimated to 75 

provide about twelve million skilled jobs and contributes over 700 billion euros to Europe’s economy 76 

[1], with a global average annual growth rate of 2% forecasted between 2017 and 2040 for aircraft 77 

movements [2]. The aviation sector is a fast-growing source of greenhouse gas emissions, currently 78 

representing 1.7-2.3% of global carbon emissions [3]. In a globalised world facing the consequences 79 

of climate change, deterioration of local air quality, and increased scarcity of resources, the 80 

continuous growth of aviation has led to extensive research and development towards more fuel-81 

efficient engine technologies, and sustainable aviation fuel (SAF) sources to reduce the environmental 82 

impact. To address CO2 emissions from international aviation and consistent with the aviation 83 

industry’s commitment to carbon neutral growth from 2020, the International Civil Aviation 84 

Organization (ICAO) implemented the Carbon Offsetting and Reduction Scheme for International 85 

Aviation (CORSIA), a global market-based measure [4]. 86 

Aircraft gas turbine engines emit ultrafine Particulate Matter (PM) typically <100 nm in mean diameter 87 

[5–8]. Within the boundary layer, these emissions are associated with reduced air quality and have 88 

the potential for adverse health impacts in the vicinity of airports [9–11].  Aircraft gas turbine engines 89 

are also the main anthropogenic source of PM emissions in the upper atmosphere at cruising altitudes 90 

[12], with soot contributing to contrail cirrus formation and radiative forcing [12–14]. 91 

In order to mitigate the impact of aircraft engine PM emissions, ICAO has recently adopted new 92 

regulatory methodology for the sampling and measurement of aircraft engine nvPM mass and number 93 

emissions, with a new nvPM mass regulatory standard effective 1 January 2020 for in-production 94 

turbofan and turbojet engines with rated thrust greater than 26.7 kN [15]. Aircraft engine nvPM is 95 

defined as particles exiting an aircraft engine that do not volatilise when heated to a temperature of 96 

350°C and consist essentially of soot or black carbon [15]. When measuring aircraft engine nvPM 97 



emissions, the extracted exhaust aerosol must be diluted and cooled, in order to supress condensation 98 

and nucleation of volatile species present in the gas phase, before being transported and analysed by 99 

diagnostic instruments [16]. A standardised sampling and measurement system has been developed 100 

by the Society of Automotive Engineers (SAE) Aircraft Engine Gas and Particulate Emissions 101 

Measurement (E-31) committee [16] and adopted by ICAO as described in “Annex 16 – Environmental 102 

Protection Volume 2 – Aircraft Engine Emissions” to the Convention on International Civil Aviation [15]. 103 

The development of this standardised methodology, described in SAE Aerospace Recommended 104 

Practice (ARP) 6320 [16], was achieved using results of multiple aircraft engine emission tests and 105 

experimental work conducted primarily during the Studying, sAmpling and Measuring of aircraft 106 

ParticuLate Emissions (SAMPLE) campaigns [17–23] and Aviation-Particle Regulatory Instrumentation 107 

Demonstration Experiment (A-PRIDE) [24,25] programmes.  108 

While the new regulatory standard specifies systematic measurement of aircraft engine nvPM 109 

emissions at the instrument location, the sampling system requirements coupled with the small 110 

particle mean diameters observed from aircraft engines [5–8] result in a significant size-dependent 111 

particle losses of up to 90% for nvPM number and 50% for nvPM mass [15,26], prior to the 112 

measurement by the calibrated instruments. The nvPM mass and number concentrations at the 113 

Engine Exit Plane (EEP) can be estimated by accounting for these physical losses in the sampling and 114 

measurement system.  115 

Aircraft engine nvPM emissions are influenced by the underlying physical properties and chemical 116 

composition of the fuel being burned, especially the fuel aromatic content, which varies globally by 117 

several percent for conventional jet fuel [27,28]. Sustainable aviation fuels are increasingly being 118 

sought as replacements for conventional fossil fuels, which have additional benefits in terms of lower 119 

emissions [29–32], reduced contrail formation [33], and improved local air quality in the vicinity of 120 

airports [34]. The blending of conventional jet fuels with synthetic paraffinic fuels have been shown 121 

to reduce aircraft engine nvPM emissions, that scale inversely with higher fuel hydrogen content and 122 



lower fuel aromatic content [35]. It has also been shown that for a fuel blend which would meet 123 

current ASTM International specifications, a reduction in nvPM number-based emissions of ∼35% and 124 

nvPM mass-based emissions of ∼60% could be achieved for an aircraft auxiliary power unit (APU) [36].   125 

In 2012, the European Commission funded a collaborative research project - Initiative Towards 126 

sustAinable Kerosene for Aviation (ITAKA).  The main objectives of the ITAKA project were to (1) 127 

develop a full value-chain in Europe to produce sustainable drop-in hydrotreated esters and fatty acids 128 

(HEFA) fuels and study the implications of a large-scale use, and (2) conduct research on sustainability, 129 

economic competitiveness, and technology readiness [37]. The ITAKA project primarily targeted 130 

camelina oil as the most promising sustainable feedstock, with used cooking oil (UCO) as an alternative 131 

feedstock. Both feedstocks were converted to drop-in aviation fuels through the HEFA pathway.  132 

As part of the ITAKA project framework, the impact of fuel composition on the nvPM emissions of a 133 

Garrett Honeywell GTCP85 APU were investigated at three operating conditions burning blends of Jet 134 

A-1 and alternative fuels produced from UCO and Camelina feedstocks. The emissions measurements 135 

were performed at the University of Sheffield Low Carbon Combustion Centre during two distinct test 136 

campaigns conducted in June 2014 (ITAKA 1) and April 2017 (ITAKA 2). Measurements were 137 

independently performed utilising the standardized North American and European reference 138 

sampling and measurement systems, respectively, with additional measurements of particle size 139 

distributions obtained to facilitate particle loss correction estimates. During ITAKA 1, 16 blends of 140 

UCO-HEFA with conventional Jet A-1 were investigated, while 12 blends of Camelina-HEFA and 141 

conventional Jet A-1 were used during ITAKA 2. Details of the ITAKA 1 test campaign have been 142 

previously reported [36,38]. Particle size distribution measurements were used to correct the 143 

measured nvPM emissions data for particle losses in the sampling and measurement system, to 144 

provide an estimate of the nvPM emissions at the EEP. The impact of fuel composition on nvPM 145 

number and mass emissions reductions was subsequently assessed using the EEP data.  146 

2. Experimental Methods  147 



2.1. Fuels 148 

The 18 fuels investigated during the ITAKA 1 campaign were derived from a conventional Jet A-1 and 149 

neat UCO-HEFA, with 16 blends of the two fuels mixed in different proportions. During the ITAKA 2 150 

campaign, 14 fuels derived from a different Jet A-1 and pure Camelina-HEFA fuel were studied with 151 

12 blends of the two fuels mixed at ratios of 10, 20, 30, 35, 40, 50, 60, 70, 80, 85, 90, 95%, by mass. 152 

The properties of specific Jet A-1 and alternative fuels (UCO-HEFA and Camelina-HEFA) used during 153 

the two ITAKA test campaigns are presented in Table 1. It should be noted that the UCO-HEFA and 154 

Camelina-HEFA fuels had a higher net heat of combustion and a higher hydrogen content compared 155 

to Jet A-1. The fuel hydrogen content was evaluated using two different methods: ASTM D5291 and 156 

two-dimensional gas chromatography (GCxGC) analysis. For the same fuel, differences of 0.05-0.1% in 157 

hydrogen content were reported. In this study, for consistency, only fuel hydrogen content derived 158 

from GCxGC data is reported which was used in turn to determine the H/C ratio required to calculate 159 

nvPM number and mass emission indices, and for subsequent data analysis. The GCxGC analysis was 160 

performed using stored volumes of fuels by the same accredited laboratory (Intertek) for all four fuels. 161 

Table 1: Selected properties of the neat fuels used in the ITAKA test campaigns 162 

Test campaign ITAKA 1 ITAKA 2 

Property 
Method Jet A-1 

UCO-

HEFA 
Method Jet A-1 

Camelina-

HEFA 

Density at 15°C [kg/m3] IP365 805.3 759.6 IP365/D4052 806.7 779.6 

Distillation temperature [°C]        

      10% boiling point ASTM D86 163.8 169.8 ASTM D86 171.0 173.2 

      90% boiling point ASTM D86 236.4 235.1 ASTM D86 238.3 262.8 

      Final boiling point ASTM D86 259.1 251.9 ASTM D86 259.8 274.6 

Net heat of combustion 

[MJ/kg] 
ASTM D3338 43.153 44.023 ASTM D3338 43.23 43.695 

Smoke point [mm] ASTM D1322 23 >50 ASTM D1322 23 35.5 

Kinematic viscosity at –20°C 

[mm2/s] 
IP71 3.521 3.885 D445 3.887 5.107 

Sulphur [mass %] ASTM D4294 0.033 <0.018 D4294/D2622 0.150 0.070 

Hydrogen [weight %] Calculated 

from GCxGC 
13.94 15.22 

Calculated 

from GCxGC 
14.00 14.80 

H/C ratio Calculated 

from GCxGC 
1.93 2.14 

Calculated 

from GCxGC 
1.94 2.07 
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The GCxGC analysis of fuel composition of the Jet A-1, UCO-HEFA, and Camelina-HEFA fuels is 164 

presented in Figure 1. The two Jet A-1 fuels used in the ITAKA 1 and 2 campaigns were different, but 165 

each had a distribution of hydrocarbon groups typically found in conventional fuels. The UCO-HEFA 166 

and Camelina-HEFA fuels have a higher proportion of iso-Paraffins and lower proportion of cyclo-167 

Paraffins, alkyl benzenes and benzo-cycloparaffins compared to the Jet A-1 fuels. 168 

 169 

Figure 1: Chemical composition of conventional and alternative fuels obtained from GCxGC 170 

analysis 171 

2.2. Ambient conditions 172 

Aircraft engine PM emissions can be affected by ambient conditions. An increase in ambient 173 

temperature has been shown to reduce aircraft engine total PM emissions as the warmer ambient air 174 

is thought to mitigate volatile aerosol formation [29,39]. However, the influence of ambient 175 

environmental conditions on nvPM formation within a gas turbine engine has received little attention 176 
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and is currently poorly understood [24]. Ambient temperature, ambient pressure, and relative 177 

humidity were recorded during the two test campaigns with measured ranges presented in Table 2. 178 

The ambient conditions were significantly different between the ITAKA 1 and ITAKA 2 campaigns, with 179 

a median difference of 10.6°C, 38.8 mbar, and 19.5%, in temperature, pressure, and relative humidity, 180 

respectively. 181 

Table 2: Ambient conditions recorded during the ITAKA 1 and ITAKA 2 test campaigns 182 

 Temperature (°C) Pressure (mbar) Relative Humidity (%) 

ITAKA 1 14.0 – 20.6  1024.7 – 1031.1  61 – 85  

ITAKA 2 4.5 – 6.1  987.2 – 990.9  86 – 99  

 183 

2.3. APU Operating conditions  184 

During the ITAKA 1 and ITAKA 2 test campaigns, the same Garrett Honeywell GTC85 APU was used as 185 

the source of emissions. It was operated at three conditions: No Load (NL), Environmental Control 186 

Systems (ECS), and Main Engine Start (MES). These three conditions correspond to the normal 187 

operating conditions for an APU. At each stable APU operating condition, parameters such as fuel flow 188 

rate, air-to-fuel ratio (AFR), and exhaust gas temperature (EGT) were recorded. The typical APU 189 

operational parameters recorded during Jet A-1 runs in both test campaigns are presented in Table 3. 190 

The APU operational parameters were highly reproducible and stable during both test campaigns, 191 

with the average fuel flow rate, AFR, and EGT all within one standard deviation of the mean. 192 

Table 3: APU operational parameters at different operating conditions for Jet A-1 runs 193 

Test campaign ITAKA 1 ITAKA 2 ITAKA 1 ITAKA 2 ITAKA 1 ITAKA 2 

Operating 

condition 
NL ECS MES 

Fuel flow rate (g/s) 17.7 ± 0.2 17.8 ± 0.2 25.8 ± 0.3 25.9 ± 0.2 31.1 ± 1.1 31.8 ± 0.4 

AFR 135.0 ± 3.9 135.9 ± 3.9 84.4 ± 0.8 84.4 ± 0.8 62.2 ± 1.0 62.2 ± 1.0 

EGT (°C) 324.1 ± 6.0 323 ± 3.7 475.2 ± 5.0 475.8 ± 4.6 600.0 ± 7.6 604.3 ± 6.2 

 194 

2.4. nvPM Sampling and measurement systems 195 

For all tests reported here, the exhaust aerosol produced by the APU was extracted via a single-point 196 

stainless probe, 3/8’’ in outer diameter (0.0035’’ wall) positioned within ½ nozzle diameter of the APU 197 



exit plane (~100 mm). Downstream of the probe, the North American and European reference 198 

sampling and measurement systems were used during the ITAKA 1 and ITAKA 2 campaigns, 199 

respectively, to quantify nvPM mass-based emissions, nvPM number-based emissions, and particle 200 

size distributions. Both reference systems were operated in compliance with ICAO standard 201 

methodology specified in Appendix 7 of Annex 16 [15] and in SAE ARP 6320 [16]. These reference 202 

systems had similar measurement characteristics with minimal differences in employed number and 203 

mass analysers, system dimensions, flowrates, and temperatures. The North American mobile 204 

reference system was operated by the Missouri University of Science and Technology and has been 205 

described previously [24,25,30]. The European mobile reference system was operated by Cardiff 206 

University with further details described elsewhere [21,22,25]. A general description of the 207 

experimental set-up employed during both test campaigns is presented here: APU emissions entered 208 

the sampling systems via the aforementioned 3/8” stainless steel probe and 7.5 m long (7.75 mm inner 209 

diameter (ID) stainless-steel heated line maintained at 160°C. The sampled aerosol was then split into 210 

three lines namely a diluted nvPM line, an undiluted line for the measurement of smoke number and 211 

gaseous emissions (CO2, CO, and NOx), and a pressure relief line. The nvPM sample was then diluted 212 

using an ejector diluter (Dekati DI-1000) using dry nitrogen cooling the nvPM sample to 60°C whilst 213 

suppressing the potential for particle coagulation, water condensation, and volatile particle formation 214 

in the sample lines. The dilution factor was derived from raw (gas line) and diluted (nvPM line) CO2 215 

concentrations, which were measured using a suitably ranged NDIR CO2 analyser as specified by ARP 216 

6320 [16]. A 25 m long anti-static polytetrafluoroethylene (PTFE) sample line maintained at 60°C 217 

transported the diluted aerosol to the nvPM analysers. A 1 µm sharp-cut cyclone was placed prior to 218 

the measurement analysers for protection and to limit line shedding interference. The nvPM number 219 

concentration was measured using an AVL Particle Counter (APC) Advanced consisting of a n-butanol 220 

based TSI 3790E Condensation Particle Counter (CPC) and a volatile particle remover (VPR) consisting 221 

of a catalytic stripper in between a two-stage rotary diluter and a porous tube diluter to remove 222 

volatile particles and further dilute the sample. The nvPM mass concentration was measured using an 223 



AVL Micro Soot Sensor (MSS) and an Artium Laser Induced Incandescence LII 300, however, to enable 224 

comparison, only data from the MSS is reported here. 225 

During both test campaigns, in compliance with ICAO Annex 16 [15], the dilution factor was 226 

maintained in the range 8-14, averaging 11.7±1.3 during ITAKA 1 and 10.7±0.8 during ITAKA 2. 227 

Performance evaluation and comparison of the North American and European standardized reference 228 

systems for the measurement of aircraft engine nvPM number and mass emissions has been 229 

previously established using a CFM56-7B26/3 engine [22,25]. 230 

Additional particle size distribution (PSD) measurements, currently not prescribed by the ICAO 231 

standard methodology, were performed using calibrated DMS 500 fast-mobility spectrometers 232 

(Cambustion Ltd). The DMS 500 provides a measure of the particle size distribution in terms of 233 

electrical mobility, and has been frequently used to report size distribution characteristics of aircraft 234 

engine PM emissions [36,40,41]. In this analysis, it was ensured that consistent inversion matrices 235 

were selected to allow comparative size distribution data between the two test campaigns. 236 

2.5. Test matrix and measurement methodology 237 

The APU was initially put through a warmup sequence prior to operation with different fuels. For each 238 

fuel tested, one test cycle corresponded to a stair-wise step down from MES to ECS to NL, which was 239 

repeated once without APU shutdown. This procedure minimised differences in the APU temperature 240 

and, hence, potential differences in the fuel vaporization rate that may contribute to measurement 241 

uncertainties. Blends of Jet A-1 and alternative fuels were randomly selected (non-sequential) to 242 

mitigate potential bias and drift. The nvPM emissions using neat Jet A-1 were recorded daily and used 243 

as a baseline to monitor the APU performance and measurement system repeatability during each 244 

campaign. Cleanliness and background checks for the nvPM number and mass analysers were also 245 

performed daily in conformity with standard methodology [15].  246 

Each nvPM data point corresponds to an average of at least two (up to six for Jet A-1) repeats recorded 247 

over stable periods of 30 seconds to 2 minutes. At stable APU operating conditions, the averaged 248 



Coefficient of Variation (CV) over both test campaigns was 1.1 ± 0.4% for nvPM number concentration 249 

and 3.3 ± 1.5% for nvPM mass concentration.  250 

2.6. nvPM Data analysis (Emission Indices and particle loss correction) 251 

The nvPM number and mass emissions are reported as Emission Indices (EIs) at the measurement 252 

location and at the EEP. The EI metric is used to assess the engine emissions for different operating 253 

conditions per unit mass of fuel burned [15,16], with the simplified equations for the EIs at the 254 

measurement location  given below: 255 

 𝐄𝐈𝐧𝐮𝐦𝐛𝐞𝐫−𝐦𝐞𝐚𝐬[#/𝒌𝒈𝐟𝐮𝐞𝐥] = 𝐧𝐯𝐏𝐌𝐧𝐮𝐦−𝐒𝐓𝐏 × 𝐃𝐅𝟐 × 𝟐𝟐. 𝟒 × 𝟏𝟎𝟔𝑪𝑶𝟐𝐝𝐢𝐥 × (𝑴𝐂 + 𝜶 × 𝑴𝐇)  (1) 

   

 𝐄𝐈𝐦𝐚𝐬𝐬−𝐦𝐞𝐚𝐬[𝒈/𝒌𝒈𝐟𝐮𝐞𝐥] = 𝐧𝐯𝐏𝐌𝐦𝐚𝐬𝐬−𝐒𝐓𝐏 × 𝟐𝟐. 𝟒 × 𝟏𝟎−𝟔𝑪𝑶𝟐𝐝𝐢𝐥 × (𝑴𝐂 + 𝜶 × 𝑴𝐇)  (2) 

   

With “nvPMnum-STP X DF2” the secondary stage dilution (in the VPR) corrected number concentration in 256 

particles/cm3 corrected to Standard Temperature and Pressure (STP: 0°C and 101.325 kPa), nvPMmass-257 

STP the measured mass concentration in µg/m3 corrected to STP, CO2dil the diluted CO2 concentration 258 

at the number and mass analysers in molar fraction, MC and MH the molar masses of carbon and 259 

hydrogen, respectively, and α the hydrogen to carbon (H/C) ratio of the fuel. 260 

The EEP nvPM number and mass EIs were calculated from measured EIs by correcting for particle loss 261 

using equation (3). 262 

 𝐄𝐈𝐄𝐄𝐏 = 𝐄𝐈𝐦𝐞𝐚𝐬 × 𝒌𝐒𝐋 × 𝒌𝐭𝐡𝐞𝐫𝐦𝐨 (3) 

   

where EImeas is the measured nvPM number/mass EI calculated using equation (1) and (2), kthermo is the 263 

thermophoretic particle loss correction factor for the extraction section of the sampling system 264 

[15,16], and kSL is the system particle loss correction factor (excluding thermophoretic loss in the 265 

extraction section) as discussed below. It should be noted that given the scope of this paper was to 266 

compare the nvPM emissions reported by the two reference systems, the energy content of the fuel 267 

was not considered. However, fuel energy content correction should be included when assessing the 268 



impact of fuel composition on local air quality, since for the same operating condition different mass 269 

flow rate of fuel would need to be burned. For the fuels investigated in this study, the HEFA fuels had 270 

a higher energy content which would have corresponded to a small reduction in emitted nvPM (≤2%). 271 

Historically, loss correction factors have been experimentally determined by measuring particle size 272 

distributions upstream and downstream of a sampling system [8,39,42,43]. When particle size 273 

distribution measurements at both ends of the sampling system are not possible, a particle loss 274 

correction factor can be estimated using the United Technologies Research Center (UTRC) particle 275 

transport model predicting size-dependent particle loss based on sampling system configuration data, 276 

as described in SAE AIR 6504 [44]. The UTRC model can be combined together with the measured 277 

particle effective density and the measured particle size distribution to estimate EEP number and mass 278 

emissions [7,40,45]. In this analysis, the system loss correction factors (kSL) for nvPM number and mass 279 

were determined using the measured particle size distributions and the UTRC model as follows: For 280 

each sampling system, the number, mass, and size loss functions (floss) were determined by combining 281 

the particle losses in the system determined using the UTRC model with VPR, CPC, and cyclone 282 

penetration functions derived from calibration data and manufacturer specifications, as discussed in 283 

Appendix 8 of ICAO Annex 16 [15]. In this context, the loss functions floss represents size-dependent 284 

losses of the sampled particles between the sampling system inlet (i.e. EEP) and the analysers (i.e. 285 

measurement location). Particle size distributions were estimated at the EEP by dividing the measured 286 

size distributions by the predicted loss function (PSDEEP =  PSDmeasured/𝑓𝑙𝑜𝑠𝑠  ). System loss 287 

correction factors (kSL) were obtained by dividing the nvPM number/mass concentration derived from 288 

the particle size distribution at the nvPM number/mass analyser location with the nvPM number/mass 289 

concentration derived from the particle size distribution at the EEP. For the calculation of the nvPM 290 

mass correction factors, nvPM number-based size distributions were converted into mass-based size 291 

distributions using equation (4), and assuming particle sphericity and an effective density of 1 g/cm3 292 

as typically assumed for aircraft engine nvPM [26,40]. 293 



 𝐌𝐚𝐬𝐬(𝒅𝐩) = 𝐍𝐮𝐦𝐛𝐞𝐫(𝒅𝐩) × 𝐕𝐨𝐥𝐮𝐦𝐞(𝒅𝐩) × 𝝆𝐞𝐟𝐟(𝒅𝐩) = 𝐍𝐮𝐦𝐛𝐞𝐫(𝒅𝐩) × 𝝅 × 𝝆𝐞𝐟𝐟(𝒅𝐩) × 𝒅𝐩𝟑𝟔  (4) 

 294 

Other characteristic parameters were derived from the EEP-estimated particle size distributions, such 295 

as the number-based geometric mean diameter (GMD) and geometric standard deviation (GSD) to 296 

compare the data from the two campaigns in terms of particle size-related parameters. 297 

3. Results and discussion 298 

3.1. Measured nvPM emissions 299 

3.1.1. Measured nvPM number and mass 300 

The nvPM number and mass EIs measured during the two ITAKA test campaigns across the range of 301 

fuel blends and APU operating conditions are presented in Figure 2. The fuel hydrogen content was 302 

selected as the parameter to compare the data from the two campaigns, as it has been shown to 303 

better correlate with sooting propensity than the fuel aromatic content [32,35,45]. 304 



 305 

Figure 2: Measured nvPM number- (a)(c)(e) and nvPM mass- (b)(d)(f) -based EIs as a function of 306 

fuel hydrogen content for the three APU operating conditions 307 

The nvPM number and mass EIs at the measurement location for both test campaigns are observed 308 

to decrease with increasing fuel hydrogen content regardless of the fuel composition or APU operating 309 

condition, in agreement with the literature [32,36,45]. When comparing campaign specific nvPM 310 

emissions at the different APU operating conditions (Figure 2 (a)-(c)-(e) and (b)-(d)-(f)), the nvPM 311 

number and mass EIs decrease with increasing APU fuel flow rate (corresponding to the different 312 

operating conditions (Table 3)), suggesting that the APU combustion efficiency increases from NL to 313 

ECS to MES as has been previously observed [36].  314 



For a given fuel hydrogen content, the nvPM EIs at the measurement location reported for the ITAKA 315 

2 campaign are consistently higher, on average 28% for nvPM number and 15% for nvPM mass across 316 

the three APU power conditions. As discussed in previous work [25], the expected levels of uncertainty 317 

in certified nvPM EI mass and number measurement are 22% and 25% respectively, with empirically 318 

derived data during parallel measurement of three ICAO compliant sampling systems on a CFM56-319 

7B26/3 engine found to be within these bounds. In addition to the certified nvPM measurement 320 

uncertainty, the observed differences between ITAKA 1 and ITAKA 2 can be further explained by: - the 321 

different ambient conditions (Table 2) with the lower ambient temperature recorded during ITAKA 2 322 

inducing lower quenching temperature and hence higher soot production, - engine wear between the 323 

two test campaigns - different fuel compositions (Table 1 and Figure 1), - spatial inhomogeneity of the 324 

exhaust stream (i.e. different sampling location of the probe in the exhaust stream). 325 

It should be noted that the repeatability associated with nvPM measurement specific to each test 326 

campaign was quantified by repeating daily measurements using the conventional Jet A-1 (up to 6 327 

repeats per test campaigns), with a standard deviation of ≤5.1% for measured nvPM number EI and 328 

≤4.7% for measured nvPM mass EI.  329 

3.1.2. Measured particle size distributions 330 

The typical EI-weighted particle size distributions measured with a DMS 500 during ITAKA 1 and ITAKA 331 

2 for selected fuels at the three APU operating conditions are presented in Figure 3, from which the 332 

statistical GMD and GSD were calculated at the measurement location, the GMD varied from 22.6 to 333 

43.0 nm with a GSD of 1.59 – 1.78 for the ITAKA 1 dataset, and for ITAKA 2, the GMD ranged from 30.1 334 

to 44.9 nm with a GSD of 1.77 – 1.9. The nvPM number concentration (obtained from integrating the 335 

area under the particle size distribution) and GMD are observed to decrease with increasing 336 

proportion of alternative fuel (i.e. higher fuel hydrogen content) and increasing fuel flow rate (Table 337 

3).  338 



 339 

Figure 3: “EI number”-weighted particle size distributions at the measurement location for 340 

different fuel blends and for the three APU operating conditions 341 

The particle size distributions at the measurement location generally appear monomodal and near 342 

lognormal, with a good correlation between the two test campaigns. However, for some conditions a 343 

small shoulder can be observed at ≈20 nm thought to be an artifact of the DMS-500 inversion matrix 344 

for the calibration file used. 345 

3.2. Engine exit plane nvPM emissions 346 



Currently, the nvPM number and mass EIs at the measurement location (corrected for size-347 

independent thermophoretic loss in the aerosol extraction section of the sampling system) are used 348 

for aircraft engine emissions certification [15]. Size-dependent particle losses are not factored into the 349 

EIs reported for emissions certification. This would therefore lead to an underestimation of EEP EIs 350 

and bias the impact of fuel composition on nvPM emissions produced by the engine. Particle-loss-351 

corrected EEP concentrations as would be required for airport emissions inventories, and 352 

environmental impact assessment, are therefore essential to better interpret the overall impact of 353 

fuel composition on nvPM number and mass emissions reduction. 354 

3.2.1. Particle loss correction factors  355 

The nvPM number and mass loss correction factors used to predict the EEP nvPM emissions, and 356 

calculated as described in section 2.6 are presented in Table 4. As expected, 𝑘𝑆𝐿number  is observed to 357 

be larger than 𝑘𝑆𝐿mass  given the higher diffusion losses reported at smaller sizes.  A broader range of 358 

correction factors were calculated for the ITAKA 1 dataset as a consequence of the smaller GMDs and 359 

GSDs as well as broader range of fuel blends investigated relative to the ITAKA 2 campaign (Figure 3). 360 

It should be noted that the system loss corrections factors were generally higher at the highest APU 361 

operating condition (MES) because of the generally smaller mean particle diameter observed at this 362 

condition. 363 

Table 4: System loss correction factors for the two test campaigns 364 

Test campaign 𝒌𝑺𝑳𝐧𝐮𝐦𝐛𝐞𝐫  𝒌𝑺𝑳𝐦𝐚𝐬𝐬  

ITAKA 1  2.21 – 4.70 1.13 – 1.40 

ITAKA 2 2.32 – 3.40 1.12 – 1.20 

 365 

3.2.2. nvPM number and mass emissions 366 

The particle-loss-corrected EEP nvPM number and mass EIs for the two campaigns are presented in 367 

Figure 4. As expected and in agreement with the measured nvPM EIs (Figure 2), EEP nvPM number 368 

and mass EIs are observed to reduce with increasing fuel hydrogen content.  However, EEP nvPM EIs 369 



are higher than the corresponding nvPM EIs at the measurement location, on average 70% for number 370 

(≤84%) and 30% for mass (≤45%), in agreement with the standard methodology [44].  371 

Similar to what was observed with measured nvPM emissions (section 3.1.1), the calculated EEP nvPM 372 

EIs remain consistently larger during ITAKA 2 for a given fuel hydrogen content when compared to 373 

ITAKA 1, with particle loss correction not having a significant effect on this trend.  374 

 375 

Figure 4: Engine exit plane (EEP) corrected nvPM number- (a)(c)(e) and nvPM mass- (b)(d)(f) -based 376 

EIs as a function of fuel hydrogen content for the three APU operating conditions 377 

3.2.3. GMD and GSD 378 



The particle size distribution parameters, GMD and GSD, were computed from the EEP-corrected 379 

particle size distributions and evaluated as a function of fuel hydrogen content. A decrease in GMD 380 

was observed with increasing fuel hydrogen content at the three APU operating conditions for both 381 

test campaigns (Figure 5), with EEP GMDs varying 16.6 – 36.5 nm for ITAKA 1 and 23.0 – 35.4 nm for 382 

ITAKA 2. The reduction in EEP GMD with increasing fuel hydrogen content is consistent between the 383 

two test campaigns (Figure 5), highlighting that fuel hydrogen content is also a strong correlating 384 

parameter for mean particle size reduction. The correlation between GSD and fuel hydrogen content 385 

was less apparent with a small reduction observed for ITAKA 2 (GSD: 1.79 – 2.02) and no correlation 386 

observed for ITAKA 1 (GSD: 1.68 – 1.88).  387 

 388 

Figure 5: Geometric Mean Diameter from the EEP-corrected particle size distributions as a function 389 

of fuel hydrogen content 390 

  391 

3.3. Normalised engine exit plane nvPM emissions  392 

As seen in Figure 1 and Table 1, the jet A-1 fuels and alternative fuels in ITAKA 1 and ITAKA 2 campaigns 393 

had different chemical compositions. As such, in order to isolate the specific impact of fuel 394 

composition on nvPM emissions reduction observed during the two campaigns, whilst minimising 395 



uncertainties associated with engine wear, measurement uncertainty, ambient conditions, and 396 

sampling representativeness, the EEP nvPM data was normalised to a common fuel hydrogen content 397 

measured for both ITAKA test campaigns (i.e. 14.33%). The data was presented as a percent difference 398 

in EEP nvPM EI relative to Jet fuel with Hcontent =14.33%, as defined in equation (5). 399 

 𝐏𝐞𝐫𝐜𝐞𝐧𝐭 𝐝𝐢𝐟𝐟𝐞𝐫𝐞𝐧𝐜𝐞 (𝐫𝐞𝐥𝐚𝐭𝐢𝐯𝐞 𝐭𝐨 𝐇𝐜𝐨𝐧𝐭𝐞𝐧𝐭=𝟏𝟒.𝟑𝟑%) =  𝟏 − 𝐄𝐄𝐏 𝐧𝐯𝐏𝐌 𝐄𝐈𝐇𝒄𝒐𝒏𝒕𝒆𝒏𝒕=𝐗%𝐄𝐄𝐏 𝐧𝐯𝐏𝐌 𝐄𝐈(𝐇𝒄𝒐𝒏𝒕𝒆𝒏𝒕=𝟏𝟒.𝟑𝟑%) (5) 

   

It should be noted that the data was normalised to a nominally similar fuel hydrogen content reported 400 

for both campaigns and not to the conventional Jet A-1 as was previously performed for ITAKA 1 [36].  401 

This approach accounts for the fact that the expected nvPM emissions vs. fuel hydrogen content 402 

correlations are non-linear, and that the Jet A-1 fuels used in ITAKA 1 and 2 had different fuel hydrogen 403 

contents (Table 1). 404 

3.3.1. nvPM number and mass reductions 405 

Percentage reductions of EEP-corrected nvPM EIs (normalised to the 14.33% fuel hydrogen content 406 

datum) as a function of fuel hydrogen content are presented in Figure 6 for the two campaigns. Similar 407 

to the EIs at the measurement location and EEP, the normalised EEP nvPM EIs were observed to 408 

decrease with increasing fuel hydrogen content for both ITAKA campaigns. The EEP nvPM mass EI 409 

percentage reduction with increasing fuel hydrogen content were significantly higher than that of the 410 

EEP nvPM number EI, which can be explained by the fact that the particle size distribution shifted to 411 

smaller sizes (Figure 5), which affects nvPM mass emissions more than nvPM number emissions. These 412 

results indicate that the fuel hydrogen content is a suitable correlating parameter for nvPM reduction 413 

adequately capturing differences in fuel composition for the two HEFA fuels and blends used in the 414 

ITAKA 1 and 2 campaigns. 415 



 416 

Figure 6: Percent difference in EEP-corrected nvPM number- (a)(c)(e) and nvPM mass- (b)(d)(f) -417 

based emission indices (relative to 14.33% fuel hydrogen content data) as a function of fuel 418 

hydrogen content for the three APU operating conditions 419 

Since the trend and magnitude of EEP nvPM percentage reductions for each of the three APU 420 

operating conditions during both campaigns were similar, the overall percent difference in nvPM 421 

emissions for the GTCP85 APU was further assessed by combining the data from the two campaigns 422 

(Figure 7). The EEP nvPM EI percentage differences for both test campaigns at all three APU operating 423 

conditions are observed to be in good statistical agreement, as evidenced by the high coefficient of 424 

determination values for the second order polynomial fit to the data (R2=0.84 for nvPM number and 425 



R2=0.97 nvPM mass), and by the relatively low average difference between the fit and the measured 426 

data (3.6±2.8% for nvPM number and 5.8±4.6% for nvPM mass). It should be noted that the 427 

percentage difference equations given in Figure 7 are only valid for the investigated APU and 428 

operating conditions with the selected fuels and may not be applicable to other engines or fuels. 429 

However, this analysis method can be applied to emissions data from other engine types to compare 430 

the reduction in nvPM emissions for sustainable aviation fuels and blends. 431 

 432 

Figure 7: Percent difference in EEP-corrected nvPM number- (a) and nvPM mass- (b) -based 433 

emission indices (relative to 14.33% fuel hydrogen content data) as a function of fuel hydrogen 434 

content (i.e. %Hcontent) combining data for the three APU operating conditions from the two ITAKA 435 

test campaigns 436 

4. Conclusion 437 

The nvPM number and mass emissions and particle size distributions from a GTCP85 aircraft APU 438 

burning blends of two sustainable fuels (UCO-HEFA and Camelina-HEFA) blended with different 439 

batches of conventional Jet A-1 fuel were measured at different operating conditions during two 440 

separate test campaigns, ITAKA 1 and ITAKA 2. The North American mobile reference system was used 441 

during ITAKA 1 and the European mobile reference system was used during ITAKA 2. 442 

The results of this work have confirmed that the fuel hydrogen content is a well-suited parameter to 443 

correlate EEP nvPM emissions reductions, within the current measurement uncertainty, using 444 



standardised sampling and measurement reference systems. Increasing the fuel hydrogen content 445 

was shown to significantly reduce nvPM EIs at the measurement location and at EEP.  The absolute 446 

nvPM number and mass emissions were consistently higher during ITAKA 2 which can be attributed 447 

to a number of factors including emission source variability (ambient conditions, exhaust stream 448 

spatial inhomogeneity, engine wear, etc) and measurement uncertainty (calibration tolerances, 449 

dilution factor measurement, etc) between the two ITAKA test campaigns. Given the two investigated 450 

alternative fuels have relatively similar fuel compositions and the common APU source, the findings 451 

of this study should be further validated using fuels of significantly different chemical composition and 452 

physical properties in different engine types to validate the overall reduction in nvPM emissions and 453 

the potential improvement to local air quality that the adoption of sustainable aviation fuels may offer.  454 

The results of this work also highlight that particle loss correction is critical to accurately quantifying 455 

EEP nvPM emissions and reduction, which can be used to assess the impact on local air quality. A 456 

standard procedure to correct for particle loss in a standard sampling and measurement system using 457 

nvPM number and mass emissions data is currently available [26,44], however it assumes a GMD and 458 

GSD, and it does not include a measurement of particle size distribution to assess losses as presented 459 

in this work. Further work would also be required to quantify the impact of ambient condition, engine 460 

variability, sampling representativeness, and system-to-system measurement variability on nvPM 461 

measurement to better explain the systematic differences in the measured nvPM emissions between 462 

ITAKA 1 and ITAKA 2 which would enable better quantification of the impact of fuel hydrogen content. 463 
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