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S1  nvPM EIn reductions due to sustainable aviation fuels 30 

Two different methodologies are available to estimate the change in nvPM EIn from fuels with 31 

different hydrogen mass content (Hfuel). Brem et al.1 used ground-based experimental 32 

measurements to develop a linear relationship between the percentage reduction in nvPM EIn 33 

versus engine thrust settings (�̂�, in %) and Hfuel,   34 

 ΔnvPM EIn[%] = (𝛼0 + 𝛼1�̂�) × Δ𝐻, (S1) 

 where Δ𝐻 = 𝐻SAF − 𝐻ref.  

𝛼0 = −114.21 and 𝛼1 = 1.06 are fitted parameters1, and Δ𝐻 is the difference in Hfuel between 35 

the SAF (HSAF) and “reference” Jet A-1 fuel (Href). However, Brem et al.1 highlighted that Eq. 36 

(S1) is only valid for �̂� > 30% and Δ𝐻 < 0.6, and Figure S1 confirms that an extrapolation 37 

beyond these limits can lead to unrealistic values where ΔnvPM EIn < −100%. 38 

Alternatively, the standardised fuel composition correction model was also developed for the 39 

ICAO Committee on Aviation Environmental Protection (CAEP/11) to account for the 40 

variability/differences in the properties of conventional kerosene fuel, so that the measured 41 

nvPM EIn corresponds to a Hfuel of 13.8% (Appendix 6.2.2 of the ICAO Annex 16 Vol. II)2, 42 

 Corrected nvPM EIn = nvPM EIn × 𝑘fuel_N, (S2) 

 where 𝑘fuel,N = exp {(0.99
𝐹

𝐹00
− 1.05)(13.8 − 𝐻fuel)}.  

𝑘fuel,N is the fuel composition correction factor for the nvPM EIn and 
𝐹

𝐹00
 is the engine thrust 43 

settings (in decimals). Figure S2 shows the estimated ΔnvPM EIn from the ICAO CAEP/11 44 

model across a range of �̂� and Δ𝐻 relative to a Hfuel of 13.8%. We note that Eq. (S2) is only 45 

valid for an allowable Hfuel range of between 13.4 and 14.3% (Appendix 4 of the ICAO Annex 46 
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16 Vol. II)2, and using it to estimate the change in ΔnvPM EIn from SAF with high blend ratios 47 

(Hfuel > 14.3%) could therefore lead to inaccuracies.  48 

 49 

Figure S1: The change in nvPM EIn (%) as a function of the 𝜟𝑯 and �̂� that was developed by Brem et al.1, 50 
as outlined in Eq. (S1). The shaded region (in red) represents estimates are extrapolations from the 51 
available measurements.   52 

 53 

Figure S2: The change in nvPM EIn (%) as a function of 𝜟𝑯 and �̂� that was developed for the ICAO 54 
CAEP/11, as outlined in Eq. (S2). The shaded region (in red) represents estimates are extrapolations from 55 
the available measurements.   56 

In this study, we extend the methodology of Brem et al.1 to account for its known limitations. 57 

The extended methodology, outlined in Eq. (1) in the main text and visualised in Figure S3, 58 

utilises latest measurements from the NASA ACCESS3 and ECLIF II/ND-MAX4–6 59 

experimental campaigns, which measured the nvPM EIn emitted by SAF with higher Hfuel of 60 
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up to 14.7% corresponding to a Δ𝐻 of up to 1.1%. Therefore, this enables our extended fuel 61 

composition correction model to be applied to estimate the nvPM EIn from SAF with higher 62 

Hfuel (and blending ratios). 63 

 64 

Figure S3: Visualisation of Eq. (1) in the main text, which extends the methodology of Brem et al.1 to 65 
estimate the change in nvPM EIn (%) for a wider range of 𝜟𝑯. The shaded region (red) in (a) represents 66 
estimates are extrapolations from the available measurements.   67 

 68 

Figure S4: (a) Arithmetic difference in 𝜟𝒏𝒗𝑷𝑴 𝑬𝑰𝒏 between the extended fuel correction model (Eq. 1 in 69 
the main text) and the standardised fuel composition correction model for the ICAO CAEP/11 standard 70 
(Eq. S2), where the bounding box represents the 𝜟𝑯 for which the ICAO CAEP/11 method is valid, i.e., 71 
between -0.4% and +0.5%, and to the range of �̂� that is typically used at cruise conditions as shown in the 72 

histogram in (b). For (b), �̂� is calculated as 
�̇�𝒇

𝑴𝑺𝑳

�̇�𝒇,𝒎𝒂𝒙
𝑴𝑺𝑳 , where the fuel mass flow rate at mean sea level conditions 73 

(�̇�𝒇
𝑴𝑺𝑳) is estimated using Eq. 2 in the main text, while fuel mass flow rate at maximum engine thrust 74 

settings (�̇�𝒇,𝒎𝒂𝒙
𝑴𝑺𝑳 ) for different engines is provided by the ICAO EDB22.  75 

 76 
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We compare the differences in the estimated ΔnvPM EIn between the extended fuel 77 

composition correction model (Eq. 1 in the main text) and the ICAO CAEP/11 (Eq. S2). Figure 78 

S4a shows that arithmetic differences between the two models range between -5% and +20% 79 

across the full range of �̂� and Δ𝐻. However, the arithmetic difference between the two models 80 

reduces to between 0% and +8% when we constrain Δ𝐻 for which the ICAO CAEP/11 method 81 

is valid, i.e., Δ𝐻 of between -0.4% and +0.5%, and to the range of �̂� that is typically used in 82 

cruise conditions, i.e., between 39% (5th percentile) and 78% (95th percentile) (Figure S4b).  83 

The estimated ΔnvPM EIn from both models are also compared against: (i) ground 84 

measurements from the A-PRIDE1, EMPAIREX7, and ECLIF2/ND-MAX4 campaigns; and (ii) 85 

cruise measurements from the NASA ACCESS and ECLIF2/ND-MAX campaigns. Tables S1 86 

to S5 compiles the fuel properties, engine operating conditions, as well as the measured and 87 

estimated nvPM EIn from the five experimental campaigns. We note that the ECLIF/ND-MAX6 88 

campaign at cruise measured the nvPM EIn for different fuel types independently without fixing 89 

the fuel mass flow rate, and therefore, we used data from the International Civil Aviation 90 

Organization (ICAO) Aircraft Emissions Databank (EDB)8 and the methodology of Teoh et 91 

al.9 to estimate the nvPM EIn that would have been emitted under the “reference” Jet A-1 fuel, 92 

and then scale the nvPM EIn from SAF using the two independent methodologies. The 93 

coefficient of determination (R2) and normalised mean bias (NMB) from both models are 94 

presented in Figures S5 and S6. It shows that: (i) the performance of both models is comparable 95 

when compared against ground measurements (R2 = 0.84 and NMB = +28% for our extended 96 

model, vs. R2 = 0.78 and NMB = +6.8% for the ICAO CAEP/11); but (ii) our extended fuel 97 

composition model outperforms the ICAO CAEP/11 approach when compared against cruise 98 

measurements (R2 = 0.83 and NMB = -3.2% for the extended model, vs. R2 = 0.03 and NMB 99 

= -13% for the ICAO CAEP/11). For the comparison with cruise measurements, we note that 100 

the negative bias in the estimated ΔnvPM EIn from the ICAO CAEP/11 (NMB = -13%) is 101 



S7 

 

consistent with the results shown in Figure S4a, where the estimated ΔnvPM EIn from the 102 

ICAO CAEP/11 is between 0% and 8% smaller than those estimated from our extended fuel 103 

composition correction model. This comparison provides supporting evidence that our 104 

extended fuel composition correction model (Eq. 1 in the main text) is applicable for both 105 

ground and cruise conditions.  106 

 107 

Figure S5: Evaluation of the extended fuel composition correction model (Eq. 1 in the main text) that is 108 
used to estimate the ΔnvPM EIn that arise from the use of SAF relative to: (a) ground; and (b) cruise 109 
measurements from four different experimental campaigns. Detailed data tables are shown in Tables S1 to 110 
S5. 111 

 112 

Figure S6: Evaluation of the standardised fuel composition correction model from the ICAO CAEP/11 (Eq. 113 
S2) that is used to estimate the ΔnvPM EIn that arise from the use of SAF relative to: (a) ground; and (b) 114 
cruise measurements from four different experimental campaigns.  115 

  116 
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Table S1: Comparison of the percentage change in nvPM EIn that result from burning fuels with different 117 
fuel hydrogen mass content (Hfuel). The dataset consist of ground measurements from the A-PRIDE 118 
experimental campaign, and is extracted from Figure 4d of Brem et al.1. 119 

�̂� (%) Hfuel (%) 
nvPM EIn, Hfuel 

(x 1014 kg-1) 

nvPM EIn,  

H = 14.31%  

(x 1014 kg-1) 

ΔH 

(%)a 

ΔnvPM EIn, 

measured (%) 

ΔnvPM EIn, est. 

(%)b 

30 13.78 1.65 1.10 0.53 -33.39 -42.84 

30 13.86 1.50 1.10 0.45 -26.53 -36.92 

30 13.91 1.47 1.10 0.40 -24.93 -32.72 

30 13.98 1.39 1.10 0.33 -20.64 -27.05 

30 14.00 1.34 1.10 0.31 -17.92 -25.77 

30 14.07 1.27 1.10 0.24 -13.62 -19.91 

30 14.31 1.10 1.10 0.00 0.00 0.00 

65 13.77 4.59 3.90 0.54 -14.97 -23.85 

65 13.86 4.56 3.90 0.45 -14.43 -20.33 

65 13.91 4.51 3.90 0.40 -13.59 -18.02 

65 13.96 4.36 3.90 0.35 -10.57 -15.99 

65 13.97 4.35 3.90 0.34 -10.27 -15.46 

65 14.06 4.22 3.90 0.25 -7.56 -11.29 

65 14.31 3.90 3.90 0.00 0.00 0.00 

85 13.78 3.88 3.50 0.53 -9.72 -12.66 

85 13.87 3.77 3.50 0.44 -7.19 -10.59 

85 13.90 3.77 3.50 0.41 -7.20 -9.77 

85 13.97 3.72 3.50 0.34 -6.00 -8.30 

85 14.01 3.68 3.50 0.30 -4.87 -7.31 

85 14.06 3.65 3.50 0.25 -4.08 -5.99 

85 14.31 3.50 3.50 0.00 0.00 0.00 

100 13.77 3.14 3.00 0.54 -4.36 -4.32 

100 13.77 3.18 3.00 0.54 -5.73 -4.32 

100 13.87 3.19 3.00 0.44 -5.87 -3.61 

100 13.91 3.08 3.00 0.40 -2.63 -3.25 

100 13.94 3.16 3.00 0.37 -4.97 -3.03 

100 13.97 3.05 3.00 0.34 -1.67 -2.79 

100 14.06 3.14 3.00 0.25 -4.42 -2.05 

100 14.31 3.00 3.00 0.00 0.00 0.00 

a: ΔH = 14.31 – Hfuel 120 

b: Calculated using Eq. (1) in the main text. 121 

Table S2: Comparison of the change in nvPM EIn that result from burning conventional kerosene versus 122 
SAF. The dataset consist of ground measurements from the EMPAIREX campaign, and is downloaded 123 
from the Supporting Information of Durdina et al.7 and aggregated by engine thrust settings (�̂�).  124 

EMPAIREX 1, 

Ground7 
Measured nvPM EIn (x 1014 kg-1) 

ΔnvPM EIn, 

measured (%) 

ΔnvPM EIn, est. 

(%)a 
�̂� (%) 

Jet A-1  

(H = 13.57%) 

68% Jet A-1 + 32% 

HEFA-SPK  

(H = 14.05%) 

3 20.5 ± 2.30 7.72 ± 2.00 -62.3 -53.3 

7 2.98 ± 0.295 1.17 ± 0.080 -60.8 -51.3 

30 4.40 ± 0.270 3.11 ± 0.459 -29.2 -39.6 

50 6.03 ± 1.38 5.58 ± 0.317 -7.51 -29.4 

65 14.8 ± 2.06 14.1 ± 0.700 -4.72 -21.7 

85 15.1 ± 0.691 13.2 ± 0.222 -12.0 -11.6 

100 12.3 ± 0.110 11.5 ± 0.404 -6.83 -3.94 

a: Calculated using Eq. (1) in the main text. ΔH = 14.05 – 13.57 = 0.48. 125 
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Table S3: Comparison of the percentage change in nvPM EIn that result from burning conventional 126 
kerosene versus SAF. The dataset consist of ground measurements from the ECLIF2/ND-MAX campaign, 127 
and is provided by Schripp et al.4 and aggregated by engine thrust settings (�̂�). 128 

ECLIF2/ND-MAX, Ground Measured nvPM EIn (x 1014 kg-1) 

Fuel mass flow 

rate (kg s-1) 
�̂� (%) 

Ref3  

(H = 13.65%) 

SAJF1  

(H = 14.4%) 

SAJF2  

(H = 14.51%) 

SAJF3  

(H = 14.04%) 

0.11 ± 0.001 10 6.37 ± 0.83 2.52 ± 0.31 2.80 ± 2.25 2.98 ± 1.01 

0.22 ± 0.003 20 5.82 ± 0.73 2.74 ± 0.09 - 3.08 ± 0.20 

0.35 ± 0.01 34 5.78 ± 0.34 3.74 ± 0.07 2.98 ± 0.49 4.28 ± 0.25 

0.44 ± 0.007 42 5.56 ± 0.21 4.25 ± 0.07 4.25 ± 0.23 4.42 ± 0.51 

0.76 ± 0.015 72 3.80 ± 0.20 3.21 ± 0.07 3.24 ± 0.12 3.95 ± 0.12 

0.89 ± 0.02 85 2.85 ± 0.07 2.50 ± 0.11 2.66 ± 0.08 2.66 ± 0.05 

ECLIF2/ND-

MAX, Ground 

ΔnvPM EIn (%) 

Ref3 vs. SAJF1  

(ΔH = 0.75%) 

Ref3 vs. SAJF2  

(ΔH = 0.86%) 

Ref3 vs. SAJF3  

(ΔH = 0.39%) 

�̂� (%) Measured Estimateda Measured Estimateda Measured Estimateda 

10 -60.44 -68.58 -56.04 -74.44 -53.22 -40.41 

20 -53.01 -61.07 - - -47.08 -35.99 

34 -35.32 -51.98 -48.40 -56.41 -25.89 -30.63 

42 -23.58 -46.09 -23.49 -50.02 -20.52 -27.16 

72 -15.50 -24.84 -14.76 -26.96 4.08 -14.64 

85 -12.56 -16.28 -6.78 -17.67 -6.78 -9.59 

a: Calculated using Eq. (1) in the main text. 129 

Table S4: Comparison of the estimated nvPM EIn from SAF using cruise measurement data from the NASA 130 
Alternative Fuel Effects on Contrails and Cruise Emissions Study (ACCESS) experimental campaign3. 131 

NASA ACCESS, Cruise3 Measured nvPM EIn (x 1014 kg-1) 
ΔnvPM EIn, 

measured 

(%) 

ΔnvPM 

EIn, 

est. 

(%)b 
Engine No. 

(Thrust) 

�̇�𝐟
𝐂𝐫𝐮𝐢𝐬𝐞 

(kg s-1) 

�̇�𝐟
𝐌𝐒𝐋  

(kg s-1)a 
�̂� (%) 

Medium sulphur 

content Jet A fuel  

(H = 13.6%) 

50:50 HEFA:low 

sulphur content Jet A 

fuel blend  

(H = 14.7%) 

2 (High) 0.373 0.599 70.5 7.64 ± 0.15 5.41 ± 0.15 -29.19 -32.17 

2 (Medium) 0.280 0.449 7 5.00 ± 0.14 2.62 ± 0.07 -47.60 -47.36 

2 (Low) 0.231 0.371 30 4.50 ± 0.23 4.15 ± 0.63 -7.78c -55.36 

3 (High) 0.373 0.599 50 6.30 ± 0.13 3.94 ± 0.12 -37.46 -32.17 

3 (Medium) 0.280 0.449 65 3.18 ± 0.14 1.78 ± 0.06 -44.03 -47.36 

3 (Low) 0.231 0.371 100 2.82 ± 0.08 1.09 ± 0.08 -61.35 -55.36 

a: Calculated using Eq. (2) in the main text. Air temperature estimated from the pressure altitude by assuming 132 
the ICAO standard atmosphere. Mach number set to be 0.6.  133 

b: Calculated using Eq. (1) in the main text.  134 

c: Data point is identified as an outlier and not included in the comparison. 135 

 136 

 137 

 138 
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Table S5: Comparison of the estimated nvPM EIn from SAF using cruise measurement data from the 139 
Emission and Climate Impact of Alternative Fuel (ECLIF/ND-MAX) campaign6. 140 

ECLIF2/ND-MAX, Cruise6 Ref 2 SSF1 SAF1 SAF2 

Altitude (m) 10670 10364 9726 9656 

Pressure altitude (m) 23835 24996 27564 27858 

Air temperature (K) 215 220 218 216 

Mach number 0.65 0.58 0.76 0.76 

Hydrogen mass content (%) 13.73 14.36 14.4 14.51 

Measured nvPM EIn (x 1015 kg-1) 4.9 ± 0.6 2.5 ± 0.2 2.7 ± 0.6 2.3 ± 0.6 

Estimated nvPM EIn, Jet A-1 (x 1015 kg-1)a 5.517 6.693 6.183 6.187 

ΔnvPM EIn, measured (%) - -48.98 -44.90 -53.06 

Fuel mass flow rate (kg s-1) 0.3278 0.2278 0.3144 0.3031 

Equivalent fuel mass flow rate at MSL (kg s-1)b 0.4983 0.3542 0.4494 0.4138 

Engine thrust settings (�̂�) 0.475 0.3376 0.4284 0.3945 

ΔH (%) - 0.63 0.67 0.78 

ΔnvPM EIn, estimated (%)c - -46.30 -42.34% -49.09% 

a: Estimated using the nvPM EIn measurements from the ICAO EDB, where it is interpolated relative to the non-141 
dimensional engine thrust settings9.  142 

b: Calculated using Eq. (2) in the main text.  143 

c: Calculated using Eq. (1) in the main text. 144 

S2  Fuel properties from different SAF blending ratios 145 

The fuel properties of conventional “reference” fuels and SAF with different blending ratios 146 

are compiled from the literature and presented in Table S6. We use the compiled dataset to 147 

develop a linear relationship between the SAF blending ratio (pblend, in %) versus the fuel 148 

hydrogen mass content (Hfuel, in %) and lower calorific value (LCV in J kg-1) (Figure S7). On 149 

this basis,  150 

the following equations are used to approximate the SAF fuel hydrogen content (HSAF) and 151 

LCV (LCVSAF) for different pblend, 152 

 𝐻SAF[%] = 𝐻ref + 0.015 × 𝑝blend,  (S3) 

 LCVSAF = LCVref + 10700 × 𝑝blend, (S4) 

where we assume Href = 13.8% and LCVref = 43.1 ×106 J kg-1 respectively for the “reference” 153 

Jet A-1 fuel7,10; and HSAF=100% = 15.3% and LCV SAF=100% = 44.2 ×106 J kg-1 respectively for a 154 
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fully synthetic SAF (pblend = 100%)11,12. The EIH2O is also assumed to increase proportionally11 155 

with HSAF, 156 

 EIH2O,SAF  = EIH2O,ref × (
𝐻SAF

𝐻ref
),  (S5) 

where EIH2O,ref = 1.237 kg kg-1 (ref.11). Table 1 in the main text shows the HSAF, LCVSAF and 157 

EIH2O,SAF that is assumed for the six simulation runs with different SAF pblend (1%, 10%, 30%, 158 

50%, 70% and 100% blending ratios).  159 

Table S6: Compilation of the fuel properties for traditional Jet A-1 fuels and SAF with different blending 160 
ratios from various experimental campaigns. 161 

(a) Conventional “reference” fuels 
Experimental 

Campaign 

Lower Calorific 

Value, LCV (MJ kg-1) 

Hydrogen mass 

content (%) 
Ref. 

JP-8 AAFEX-II - 13.5 [1] 

Low-sulfur-content Jet A ACCESS 43.15 ± 0.06 13.8 ± 0.2 [2] 

Jet A-1 (Ref1) ECLIF 42.8 14.1 [3] 

Jet A-1 (Ref1) ECLIF/ND-MAX 42.80 ± 0.02 13.67 ± 0.14 [4] 

Jet A-1 (Ref2) ECLIF 43.2 14.1 [3] 

Jet A-1 (Ref3) ECLIF/ND-MAX 43.14 ± 0.01 13.65 ± 0.05 [4] 

Jet A-1 (Ref4) ECLIF/ND-MAX 43.34 ± 0.01 14.08 ± 0.18 [4] 

Jet A-1 EMPAIREX 1 43.3 13.68 [5] 

(b) HEFA-SPK Fuel Blends 
Experimental 

Campaign 

Lower Calorific 

Value, LCV (MJ kg-1) 

Hydrogen mass 

content (%) 
Ref. 

50% JP-8 + 50% HEFA-SPK AAFEX-II - 14.4 [1] 

50% Low-sulfur Jet A + 50% HEFA-SPK ACCESS 43.52 ± 0.04 14.7 ± 0.2 [2] 

51% Ref3 + 49% HEFA-SPK ECLIF/ND-MAX 43.63 ± 0.01 14.40 ± 0.07 [4] 

68% Jet A-1 + 32% HEFA-SPK EMPAIREX 1 43.6 14.05 [5] 

70% Ref4 + 30% HEFA-SPK ECLIF/ND-MAX 43.63 ± 0.01 14.51 ± 0.04 [4] 

100% HEFA-SPK AAFEX-II - 15.3 [1] 

100% HEFA-SPK - 44.2 - [6] 

(c) FT-SPK Fuel Blends 
Experimental 

Campaign 

Lower Calorific 

Value, LCV (MJ kg-1) 

Hydrogen mass 

content (%) 
Ref. 

55% Ref2 + 45% FT-SPK ECLIF 43.54 14.7 [3] 

59% Ref1 + 41% FT-SPK ECLIF 43.496 - [3] 

59% Ref2 + 41% FT-SPK ECLIF/ND-MAX 43.50 ± 0.02 14.36 ± 0.02 [4] 

86% Ref1 + 14% FT-SPK ECLIF 43.301 14.2 [3] 

100% FT-SPK AAFEX-II - 15 [1] 

[1] Moore et al.12; [2] Moore et al.3; [3] Schripp et al.13; [4] Voigt et al.6; [5] Durdina et al.7; [6] Gierens et al.11 162 
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 163 

Figure S7: Linear relationship between the SAF blending ratio versus the: (a) fuel hydrogen mass content 164 
(HSAF); and (b) fuel lower calorific value (LCV). Error bars denote precision errors from experimental 165 
measurements with one standard deviation. Detailed data tables are in Table S6. 166 

We note the small deviations in the different fuel properties around the assumed linear 167 

trendline, for example, the Hfuel measured from SAF’s with the same blending ratio can differ 168 

by up to ~0.5% (Figure S7a). This phenomenon likely arises from: (i) variations in the Hfuel of 169 

different conventional “reference” fuels (13.5 – 14.1%, Table S6) that was used to blend with 170 

the SAF; and (ii) the different technology pathways that was used to produce the SAF (i.e., 171 

HEFA-SPK and FT-SPK). Therefore, the stated HSAF values for a given pblend in Table 1 in the 172 

main text is only valid for this study, and variations in the HSAF for a given pblend are to be 173 

expected in different measurement campaigns and modelling studies depending on the 174 

composition of the reference fuel and SAF. 175 

S3  Fleetwide adoption of SAF 176 

S3.1  nvPM emissions 177 

For aircraft types with nvPM measurements provided by the ICAO EDB, the nvPM EIn for 178 

each waypoint is estimated according to Teoh et al.9, which linearly interpolates the nvPM EIn 179 

relative to the ratio of turbine inlet to compressor inlet temperatures (T4/T2). T4/T2 is a non-180 
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dimensional measure of engine thrust settings that captures the differences in engine operations 181 

at ground and cruise conditions10. We note that the nvPM EIn for certain engine combustor 182 

types such as double annular combustors (DAC) and twin annular premixing swirler (TAPS) 183 

experience a step change in their emissions profile, where the nvPM EIn emitted in high �̂� 184 

(lean-burn phase, which is activated above a certain �̂�) can be three to four orders of magnitude 185 

lower than those emitted at low �̂� (rich-burn phase, ~1015 kg-1)14,15.  186 

 187 

Figure S8: Probability density function of the mean nvPM EIn for each flight in the baseline simulation and 188 
the simulation with fully synthetic SAF (SAF100). 189 

In this study, we do not incorporate this step change in nvPM emissions for DAC and TAPS 190 

engines and instead, linearly interpolate the nvPM EIn from the four data points provided by 191 

the ICAO EDB because the transition point between the “rich-burn” and “lean-burn” phase is 192 

not publicly available. However, we do not expect this assumption to change our simulation 193 

results because the: (i) nvPM EIn inputs to the contrail cirrus prediction model (CoCiP)16 is 194 

constrained to a lower bound of 1013 kg-1 to account for uncertainties and the potential 195 

activation of ambient aerosols and organic volatile particles into contrail ice crystals (refer to 196 

Figure 3 of Kärcher17); and (ii) only ~0.5% of all flights have a mean nvPM EIn that is below 197 

1014 kg-1 in the simulation with fully synthetic SAF (SAF100), as shown in Figure S8. The 198 

small number of flights with nvPM EIn < 1014 kg-1 (~0.5%) can be attributed to the low usage 199 

of aircraft types that are powered by the TAPS combustor (Boeing 737-MAX, 747-800, 787-200 
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10 and the Airbus A320neo) over the North Atlantic (refer to Figures S6 and S7 of Teoh et 201 

al.9). Therefore, for all SAF simulations, the mean nvPM EIn are in the “soot-rich” regime17 202 

and exceeds 1013 kg-1 by more than one order of magnitude (Table 1 in the main text). 203 

S3.2  Contrail properties 204 

The probability density functions in Figure S9 show the change in persistent contrail formation 205 

and contrail energy forcing (EFcontrail) for all contrail-forming flights when SAF with different 206 

blending ratios are used. Figure S10 provides a visualisation of the ice supersaturated regions 207 

(ISSR) that is encountered by two flights and the locations where contrails are formed for 208 

different fuel types, where the additional contrails formed by SAF are generally found at the 209 

edges of ISSR where ice supersaturation is weak. Figure S11 provides an example of the change 210 

in contrail optical depth (τcontrail) and coverage area between the baseline simulation 211 

(conventional fuel) versus the simulation where fully synthetic SAF is adopted by the fleet. 212 

 213 

Figure S9: Probability density function of the change in (a) persistent contrail formation; and (b) total 214 
EFcontrail for all contrail-forming flights (n = 267,076) when SAF with different blending ratios are used. The 215 
changes in contrail properties are relative to the baseline simulation with conventional fuels.  216 
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 217 

Figure S10: The flight trajectory (black lines), location of ISSRs (colour bars), and the resulting contrail 218 
locations when the two example flights are provided with conventional kerosene fuels (cyan), SAF with a 219 
50% (blue) and 100% blending ratio (grey). 220 

 221 

Figure S11: Gridded contrail cirrus optical depth (τcontrail) over the North Atlantic under clear sky 222 
conditions at 18-Sept-2019 14:00:00 (UTC), where the fleet is powered by: (a) conventional kerosene fuel 223 
(baseline simulation); and (b) fully synthetic SAF (SAF100). Basemap plotted using Cartopy 0.20.2 (C) 224 
Natural Earth; license: public domain. 225 
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S3.3  Comparison with existing studies 226 

We compare the difference in contrail properties between the baseline scenario and SAF100 227 

(Table 2 in the main text) relative to results from: (i) Caiazzo et al.18, who simulated the impacts 228 

of SAF on contrails over the United States in 2006; (ii) Burkhardt et al.19, who simulated 229 

contrails globally with differences in soot number emissions;(iii) Bock & Burkhardt20, who 230 

simulated the global contrail effects resulting from SAF and improving engine efficiency for 231 

air traffic and meteorological conditions in 2050; and (iv) Schumann et al.21, who simulated 232 

contrails globally and evaluated the sensitivity of various contrail properties to the inputs of 233 

nvPM EIn. Table S7 summarises the percentage differences in simulated contrail properties 234 

between the different studies.  235 

Table S7: Comparison of the change in the simulated contrail properties from this study relative to existing 236 
studies. The percentage change in contrail properties from all the studies reported below arise from the use 237 
of SAF and/or assumption of a lower nvPM EIn to approximate the effects of SAF.  238 

 This study 
Caiazzo et 

al.18 

Burkhardt et 

al.19 

Bock & 

Burkhardt20 

Schumann et 

al.21 

Study domain 
North 

Atlantic 
USA Global Global (2050) Global 

nvPM EIn -52% -75% N/A N/A -50% 

Dist. forming 

persistent contrails 
+5% +8% N/A N/A N/A 

Contrail ice particle 

number 
-55% -75% -80% -50% N/A 

Contrail ice crystal 

size 
+26% +58% N/A N/A N/A 

τcontrail -22% -29% -49% -30% -21% 

Contrail cirrus 

coverage 
-41% N/A -41% -15% -23% 

Contrail net RF -44% (-4, +18)%* -50% -14% -39% 

* The reported values from Caiazzo et al.18 likely represent the mean contrail net RF’, instead of the annual mean 239 

contrail cirrus net RF. 240 

All four studies assumed a constant nvPM EIn for all waypoints, while we account for 241 

variations in nvPM EIn from different aircraft types (Section 2.2), and the mean reduction in 242 

nvPM EIn from SAF (~52%) is a function of �̂� and HSAF (Section 2.3). We estimate a slightly 243 

smaller increase in flight distance forming persistent contrails (+5.0%) when compared with 244 
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Caiazzo et al.18 (+8.0%), and this difference could be due to differences in the study domain 245 

and meteorological inputs (NOAA Rapid Refresh dataset vs. ERA5 HRES in our study). 246 

However, the change in rice from Caiazzo et al.18 (+58%) is around two times larger than our 247 

study (+26%) because they assumed a larger reduction in the nvPM EIn (-75% vs. a mean of -248 

52% in our study), where humidity in the contrail plume is distributed to fewer particles. Our 249 

estimated change in τcontrail (-22%) and contrail cirrus cover (-41%) are within range of values 250 

compiled from the comparison studies (τcontrail between -49% and -21%; and contrail cirrus 251 

cover between -41% and -15%), and the large range between studies is due to differences in 252 

the selected domain area and the assumed reduction in nvPM EIn (Table S7). 253 

While the change in annual mean contrail cirrus net RF from our study (-44%) appears to be in 254 

contrast with Caiazzo et al.18 (-4% to +18%), these reported values likely represent the mean 255 

contrail net RF’, i.e., change in radiative flux per contrail area, instead of the annual mean 256 

contrail cirrus net RF over a specific domain (refer to Table S1 of Caiazzo et al.18). We also 257 

note that the range of RF’ estimates from Caiazzo et al.18 (-4% to +18%) was derived from five 258 

different assumptions of ice particle habits, while CoCiP provides the weights for a mixture of 259 

ice crystal habits as a function of the contrail rice. Using the definition of RF’, the reported 260 

values from Caiazzo et al.18 (-4% to +18%) becomes consistent with the change in net RF’ 261 

values from this study (-3.9%). Bock & Burkhardt20 estimated a smaller reduction in the annual 262 

mean contrail cirrus net RF from SAF (-15%) relative to our study (-44%), and these 263 

differences can likely be attributed to their projected air traffic for 2050: the contrail net RF is 264 

known to increase non-linearly with air traffic levels17,19, and reducing the nvPM EIn and nice 265 

could have a smaller impact on the contrail climate forcing when air traffic levels are high 266 

because the lower ice nucleation rates are offset by the abundance in the total number of contrail 267 

ice crystals20. Burkhardt et al. estimated a 50% reduction in the annual mean contrail net RF 268 

globally for an 80% reduction in nvPM EIn, while Schumann et al.21 computed a 39% reduction 269 
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in contrail net RF for a 50% reduction in nvPM EIn, and these values is comparable to our 270 

results (-44% in contrail net RF for a 52% reduction in nvPM EIn). 271 

S4  Targeted use of SAF 272 

Table S8: Statistics on the change in contrail occurrence and annual EFcontrail for different strategies where 273 
SAF are blended at different ratios and targeted to flights with the largest EFcontrail or ΔEFcontrail.  274 

Targeted use of SAF 
1%  

Blend 

10% 

Blend 

30% 

Blend 

50% 

Blend 

70% 

Blend 

100% 

Blend 

Target flights with the largest EFcontrail 

Number of flights with SAF 477923 43181 13589 7702 5221 3400 

% of flights with SAF 100% 9.0% 2.8% 1.6% 1.1% 0.7% 

Δ Persistent contrails (km) 92389 131984 124128 119121 114821 109527 

Δ Persistent contrails (%) 0.048% 0.069% 0.065% 0.062% 0.060% 0.057% 

Δ EFcontrail (x1018 J) -0.37 -2.88 -4.61 -4.62 -4.14 -3.31 

Δ EFcontrail (%) -0.6% -4.6% -7.3% -7.4% -6.6% -5.3% 

Δ CO2 EF (x1018 J)a, b 
-0.0508/ 

-0.4034 

-0.0509/ 

-0.4034 

-0.0506/ 

-0.4032 

-0.0505/ 

-0.4030 

-0.0503/ 

-0.4027 

-0.0502/ 

-0.4024 

Δ CO2 EF (%)a, b 
-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

Δ Total EF (x1018 J)b -0.42/-0.77 -2.93/-3.28 -4.66/-5.01 -4.67/-5.02 -4.19/-4.55 -3.36/-3.71 

Δ Total EF (%)b 
-0.40%/ 

-0.74% 

-2.8%/ 

-3.1% 

-4.5%/ 

-4.8% 

-4.5%/ 

-4.8% 

-4.0%/ 

-4.4% 

-3.2%/ 

-3.5% 

Target flights with the largest ΔEFcontrail 

Number of flights with SAF 477923 45101 14960 9010 6413 4488 

% of flights with SAF 100% 9.4% 3.1% 1.9% 1.3% 0.9% 

Δ Persistent contrails (km) 92389 129030 125811 124586 125309 123297 

Δ Persistent contrails (%) 0.048% 0.067% 0.066% 0.065% 0.065% 0.064% 

Δ EFcontrail (x1018 J) -0.37 -3.27 -5.76 -6.40 -6.32 -5.81 

Δ EFcontrail (%) -0.6% -5.2% -9.2% -10.2% -10.1% -9.3% 

Δ CO2 EF (x1018 J)a, b 
-0.0508/ 

-0.4034 

-0.0510/ 

-0.4034 

-0.0509/ 

-0.4035 

-0.0510/ 

-0.4035 

-0.0509/ 

-0.4034 

-0.0509/ 

-0.4034 

Δ CO2 EF (%)a, b 
-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

-0.12%/ 

-0.96% 

Δ Total EF (x1018 J)b -0.42/-0.77 -3.32/-3.67 -5.81/-6.17 -6.45/-6.80 -6.37/-6.73 -5.86/-6.21 

Δ Total EF (%)b 
-0.40%/ 

-0.74% 

-3.2%/ 

-3.5% 

-5.6%/ 

-5.9% 

-6.2%/ 

-6.5% 

-6.1%/ 

-6.4% 

-5.6%/ 

-5.9% 

a: Assumes a 100-year time horizon for CO2 emissions 275 

b: The two values arise from assumptions on the lower and upper bound of the CO2 lifecycle emissions from SAF.  276 

Table S8 summarises the changes in contrail occurrence and annual contrail energy forcing 277 

(EFcontrail) when the limited supply of SAF is blended at different ratios and targeted to flights 278 
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with: (i) the largest EFcontrail; or (ii) the largest absolute reduction in EFcontrail that result from 279 

SAF (ΔEFcontrail). When SAF is blended at a 50% ratio and targeted to ~1.9% of flights with 280 

the largest absolute reduction in EFcontrail (ΔEFcontrail), the largest reduction in annual EFcontrail 281 

is achieved (-10.2%). Further increases in the blending ratio beyond 50% would concentrate 282 

SAF to a smaller subset of flights (~1.3% of all flights for the scenario with a 70% blend ratio, 283 

and ~0.9% of all flights for a 100% blend ratio) and yield a smaller reduction in the annual 284 

EFcontrail (-10.1% for a 70% blend, and -9.3% for a 100% blend) relative to the distribution with 285 

a 50% blend ratio (-10.2%) (Table S8). This phenomenon can be attributed to the non-linearity 286 

of ΔnvPM EIn versus the SAF blending ratio, where further increases to ΔH beyond 0.5% leads 287 

to diminishing returns in reducing the nvPM EIn (Figure S3).  288 

  289 
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