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Abstract 27 

Renewable fuels are essential to meet climate protection goals, especially for decarbonizing the existing 28 

vehicle fleet. In addition, optimized and specially designed fuels allow emissions to be avoided before 29 

they occur. This paper presents fuel effects on emission characteristics of six chemically complex 30 

gasoline blends compliant with the DIN EN 228 standard and one ethanol/gasoline blend, focusing on 31 

particle emissions. First, the sooting propensity of the fuels was examined using different soot indices, 32 

such as the Particulate Matter Index (PMI), the Oxygen Extended Sooting Index (OESI), the Yield 33 

Sooting Index (YSI), and the soot threshold (φST), which is drawn on measurements of the particle 34 

number (PN) density in the exhaust gas of a laminar flat flame. Second, PN emissions (particle number 35 

concentration) from a production-calibrated turbo gasoline direct injection engine with four cylinders 36 

were investigated. Third, soot precursor chemistry was investigated using a laminar flow reactor at 37 

atmospheric pressure. Finally, correlations to fuels’ volatility and chemical characteristics were made 38 

for the complete data set. Based on the soot precursor chemistry in the homogeneous gas phase reaction, 39 

it was found that engine PN emissions are primarily influenced by fuel chemistry for the investigated 40 

engine conditions. In particular, the composition of the hydrocarbon fraction is decisive, with the heavy 41 
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C9+ aromatics and the upper distillate significantly influencing soot formation. Future fuels should 42 

contain fewer soot-increasing hydrocarbon fractions to reduce PN engine emissions.  43 

Keywords 44 

Drop-in renewable fuels, Alternative gasoline, Engine emissions, Particle number (PN), Sooting 45 

tendency indices, Soot precursor chemistry 46 

1. Introduction 47 

With the “Fit for 55” legislative package, the European Commission proposed a revision of almost all 48 

relevant policy instruments to achieve the new EU climate target: Reduce the amount of greenhouse gas 49 

(GHG) emissions emitted by at least 55 percent below the 1990 level (55 % target). The transport sector 50 

accounts for about one-third of the final energy consumption within the EU. The required energy is 51 

predominantly provided by fossil fuels, making transport responsible for a large share of GHG emissions 52 

[1]. Since 2009, the EU has been limiting the CO2 emissions of new cars and vans, and since 2020 also 53 

of trucks and buses. To reach the EU greenhouse gas reduction targets in this sector, the market 54 

penetration of battery electric vehicles powered with CO2-neutral electricity and the introduction of 55 

vehicles powered with CO2-neutral hydrogen is significant. Although the number of new registered 56 

electric vehicles in the EU is growing steadily, more than 75 % of the legacy vehicle fleet in 2020 still 57 

operated with combustion engines (diesel and gasoline) [2]. However, the existing vehicle fleet is not 58 

mentioned in climate plans despite the remaining high number of vehicles with combustion engines in 59 

2030 and beyond. 60 

The only way to address the existing vehicle fleet, including the corresponding infrastructure, is by 61 

introducing renewable fuels that comply with current fuel standards, like DIN EN 228 for gasoline 62 

specification in the EU. Such an alternative renewable fuel can be denoted as a drop-in renewable fuel. 63 

Hartung et al. [3] proposed, within a well-to-wheel study, that in 2030 the CO2 emissions target of the 64 

European road traffic sector will be failed, although pure electrification of the sector was assumed. With 65 

the introduction of alternative renewable fuels, the difference between proposed CO2 emission and GHG 66 

target can be reduced, but a gap will remain. The study showed that with a significant increase in 67 

renewable fuel production, the CO2 target can be met and even exceeded by 2040. 68 
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The usability of renewable fuels in the legacy fleet and fuel distribution infrastructure is associated with 69 

the compliance of renewable fuels with current fuel standards. These drop-in fuels, including 2nd 70 

generation biofuels and e-fuels, can consist of renewable components blended into conventional 71 

gasoline and diesel base fuel. Today, it is already feasible to produce and utilize up to 100 % drop-in 72 

renewable fuels with favorable properties [4-6]. This allows for a flexible ramp-up of the renewable 73 

content, which can be adjusted according to the accessibility of renewable feedstock and the availability 74 

of drop-in renewable fuels in the respective markets. 75 

A dynamic test bench study with a modern gasoline direct injection engine has shown that gaseous 76 

pollutant emissions (NOx, HC, CO) of different DIN EN 228 compliant fuels, including renewable 77 

candidates are similar and less affected by fuel parameters, renewable content, operating condition 78 

(20 °C  and -7 °C), and the characteristic test cycle (WLTC and RDE) [7]. This and other renewable 79 

fuel studies [8] have shown that engine out particle number (PN) emissions can vary more significantly 80 

depending on fuel parameters. 81 

With the rollout of the new EU6d exhaust emission standard, vehicles are equipped with advanced 82 

emission reduction technologies and noticeable air quality improvements can be achieved with the 83 

planned entry into force of the EU7 standard in 2025, a further tightening of vehicle emission limits is 84 

expected. PN emissions are reduced by applying particulate gasoline filters (GPF) and are likewise 85 

included. Note that legacy vehicles may not be equipped with a GPF. Since this study focuses on 86 

renewable drop-in fuels designed for DIN EN 228 and the legacy vehicle fleet, PN emissions should 87 

mainly be evaluated for new fuel candidates.  88 

The formation of soot particles already begins in the homogeneous gas phase, with soot precursor 89 

species, which is shown in Fig. 1. The well-accepted overall picture of soot formation in hydrocarbon 90 

flames is that small aromatics like benzene (C6H6) and toluene (C7H8) up to high-molecular-weight 91 

polycyclic aromatic hydrocarbons (PAHs) such as fluorene (C13H10) and phenanthrene (C14H10) are 92 

formed by smaller unsaturated hydrocarbon species, such as acetylene, ethene, propene, allene, propyne, 93 

and cyclopentadiene. Resonance-stabilized hydrocarbon radicals such as propargyl and allyl are also 94 

involved in the formation process of the aromatic ring structure [9-13]. In addition, the aromatics already 95 

contained in the fuel act directly as aromatic soot precursors. Polymerization reactions of the aromatic 96 
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species form higher PAHs with increasing size. Nucleation and surface growth leads to the formation of 97 

primary particles, which subsequently may agglomerate to finally form visible soot [14].  98 

 
Fig. 1. Principle schema of soot particle formation. Adapted from [15]. 

Research into soot formation during the combustion of technical fuels, i.e. a chemically complex mixture 99 

of numerous substances, which also include most alternative gasoline blends, has so far focused firmly 100 

on engine experiments, e.g., [6-8] and evaluation of fuel sooting propensity using various soot indices, 101 

such as Particulate Matter Index (PMI) [16], Threshold Soot Index (TSI) [17], Oxygen Extended Sooting 102 

Index (OESI) [18], and Yield Sooting Index (YSI) [19, 20]. (For detailed information see chapter 3). 103 

For chemical-kinetic model development, the complex fuels are simplified to surrogates consisting of 104 

only a few components. Thus, experimental investigation of combustion chemistry also focuses on the 105 

analysis of single- and multi-component systems, such as Primary Reference Fuels (PRFs), which are a 106 

mixture of n-heptane and isooctane (2,2,4-trimethylpentane) and more often extended with toluene 107 

(TPRFs), e.g., [21-23]. In addition, Fuels for Advanced Combustion Engines (FACE) types of gasoline, 108 

which were developed based on statistical methods, to tackle properties of primary importance to engine 109 

performance (anti-knock, aromatics, and normal-paraffin content) [24], have been widely studied, e.g., 110 

[22, 25]. However, detailed speciation data on the oxidation of real technical gasoline fuels are seldom 111 

reported in the literature. Qi and coworkers [26, 27] studied lean and rich premixed flames fueled with 112 

standard unblended gasoline with tunable synchrotron vacuum UV photoionization and identified more 113 

than eighty intermediates, including oxygenated compounds and PAHs. More recently, Wang’s research 114 

group [28] presented results for two gasoline fuels and applied the HyChem approach to developing 115 

reaction models for those real fuels. 116 

This study investigates fuel effects on emission characteristics of six technical gasoline blends compliant 117 

with DIN EN 228 and one ethanol/gasoline blend. The focus lies on soot formation. First, the sooting 118 

propensity is examined by the use of different soot indices, such as PMI, OESI, YSI, and the premixed 119 
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flat flame-based soot threshold (φST). Then, the PN emissions from a near-production calibrated turbo 120 

gasoline direct injection engine with four cylinders are determined. The particle formation is traced to 121 

its origin in the gas phase using an atmospheric laminar flow reactor system to study the soot precursor 122 

chemistry. Correlations between engine emissions and soot precursors are made to fuels’ volatility and 123 

chemical characteristics, and finally, the data sets are compared. 124 

2. Fuel characteristics 125 

The following chapter introduces the set of fuels investigated in this study. The fuels are discussed 126 

alongside with their properties with a focus on their sooting behaviour.  127 

2.1 Investigated fuels 128 

The test fuels in this study include a set of six chemically complex gasoline blends that comply with the 129 

European standard DIN EN 228 and can thus be considered drop-in renewable fuels. Each of the fuels 130 

is designed to maximize the individual content of sustainable compounds, that may be produced on an 131 

industrial scale using available technologies. Considered compounds are methyl-tert-butyl ether 132 

(MTBE), ethyl-tert-butyl ether (ETBE), isobutanol (iBuOH; 2-methyl-1-propanol), and a Fischer-133 

Tropsch (FT) product. The set, therefore, represents an option for immediate reduction of the CO2 134 

footprint and can directly be applied using the present technology and infrastructure.  A summary of the 135 

fuels and their properties is listed in Table 1. Each component exploited the DIN EN 228 limits in this 136 

study, resulting in MTBEmax, ETBEmax, and iBuOHmax fuels. These oxygenates are primarily limited 137 

by the upper limit of oxygen mass fraction. A Fischer-Tropsch (FT) model fuel (so-called surrogate) 138 

was used to increase the proportion of renewable components. In a blend with 22 %(v/v) MTBE, 139 

18 %(v/v) FT-Surrogate could be added, resulting in FT(18)MTBE fuel and in a blend with 20 %(v/v) 140 

ETBE, 20 %(v/v) FT-Surrogate could be added, resulting in FT(20)ETBE fuel. Finally, isooctane was 141 

added to an ETBE/FT-Surrogate/gasoline blend to increase the renewable component proportion even 142 

more. Hence, with a volumetric proportion of 23 % isooctane, a renewable energy content of 63 % was 143 

reached, still in compliance with DIN EN 228. This renewable fuel candidate is named ReMax. The fuel 144 

series is extended by an ethanol/gasoline blend, which contains a volumetric proportion of 30 % ethanol 145 

and is not compliant with DIN EN 228, named E30 [29]. The potential fuel candidates are compared to 146 

a fossil reference fuel (RefEU5Cert). RefEU5Cert contains a high aromatics content and poor boiling 147 
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behavior concerning the European fuel market. This fuel can be considered a bad case of European 148 

market fuel concerning particulate emissions. The renewable fuel candidates MTBEmax, ETBEmax, 149 

iBuOHmax, FT(18)MTBE, and FT(20)ETBE were designed to have similar aromatics content and 150 

boiling behavior as the RefEU5Cert fuel. In summary, the fuel section reflects the maximized amount 151 

of renewable content for the respective candidates currently under discussion while still being allowed 152 

to be applied in current engine technology.   153 

Fuel characterization, including the elemental composition (C/H/O), the detailed chemical composition 154 

by hydrocarbon classes and oxygenates, as well as the sooting tendency utilizing smoke point (SP) 155 

measurements, has been described in ref [30]. In this work, we have extended the set of fuel properties 156 

to include volatility characteristics such as distillation data, vapor pressure, and enthalpy of vaporization 157 

(ΔHvap). The individual aromatic classes, broken down by their C-atom number, are included as well as 158 

different soot indices (PMI, OESI, YSI, and φST). Fundamental fuel properties are summarized in 159 

Table 1, and the underlying methodologies are individually described in the following chapters. An 160 

extended summary of fuels’ properties can be found in table S1. 161 

 162 
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Table 1 
Summary of fuels’ fundamental properties. 

 RefEU5 
Cert 

MTBE 
max 

ETBE 
max 

iBuOH 
max 

FT(18) 
MTBE 

FT(20) 
ETBE ReMax E30 

RON (-) a 96.1 98.0 98.3 98.8 97.5 97.4 98.0 103.3 
Density @15 °C (kg/m³) b 748.5 759.7 756.8 757.7 766.5 767.5 732.3 745.7 
DVPE @37.8 °C (kPa) c 59.9 58.5 58.8 58.1 59.0 55.3 57.6 101.9 
Distillation         
   E150 (%(v/v)) d 83.2 78.2 79.9 82.3 82.3 81.9 88.4 92.8 
   IBP (°C) d 33.4 32.9 30.5 30.3 30.6 32.8 33.2 25.2 
   T70 (°C) d 116.5 131.6 121.7 110.6 118.6 114.3 101.3 78.1 
   T80 (°C) d 135.8 154.0 150.1 142.5 140.6 141.6 112.4 122.9 
   T90 (°C) d 175.3 177.0 173.7 171.0 176.1 176.9 171.9 143.0 
   FBP (°C) d 200.5 197.9 197.3 195.1 196.2 196.2 197.4 199.6 
ΔHvap mol (kJ/mol) e 27.6 25.4 25.0 25.6 25.0 24.7 25.2 24.9 
ΔHvap spec (kJ/kg) f 272.9 257.7 247.6 272.4 257.2 245.7 244.5 308.7 

Detailed hydrocarbons + oxygenates analysis (GCxGC) 
   n-Paraffins (%(m/m)) g 11.20 9.89 13.19 4.93 12.29 13.58 10.89 5.37 
   Isoparaffins (%(m/m)) g 32.86 19.73 11.83 28.07 12.30 10.02 35.80 25.69 
   Olefins (%(m/m)) g 6.45 5.90 6.82 5.56 6.83 5.99 3.67 14.10 
   Naphthenes (%(m/m)) g 3.35 5.76 5.99 8.68 9.20 11.33 11.41 2.22 
   Aromatics (%(m/m)) g 40.76 38.94 38.73 35.47 38.10 36.29 14.65 22.27 
   C7 Aromatics (%(m/m)) g 14.77 6.91 7.31 8.34 14.06 12.13 0.13 2.16 
   C8 Aromatics (%(m/m)) g 3.11 8.61 9.53 8.19 3.91 2.49 0.17 19.10 
   C9 Aromatics (%(m/m)) g 9.04 8.75 8.26 7.67 7.57 8.83 2.05 0.73 
   C9+ Aromatics (%(m/m)) g 22.88 23.17 21.67 18.73 20.12 21.67 14.35 0.97 
Molar weight (g/mol) h 100.15 98.92 101.25 93.76 97.12 100.91 103.44 80.71 
#C (mol) i 7.08 6.86 7.02 6.46 6.73 7.01 7.05 5.10 
#H (mol) i 13.11 12.82 13.01 12.35 12.40 12.96 14.77 10.87 
#O (mol) i 0.12 0.22 0.24 0.23 0.24 0.23 0.24 0.53 
H/C molar (-) j 1.85 1.87 1.85 1.91 1.84 1.85 2.10 2.13 
IHD (-) k 1.53 1.46 1.52 1.29 1.53 1.53 0.66 0.66 
PMI (-) l 2.20 2.34 2.19 2.04 2.27 2.11 1.69 0.82 
OESI (-) m 25.6 23.7 25.3 21.0 23.0 22.3 15.2 8.5 
YSI (-) n 122.70 117.43 118.40 102.79 111.30 114.42 82.32 58.87 
φST (-) o 1.65 n.a. 1.70 1.70 n.a. 1.76 1.81 1.83 

a Research Octane Number (RON), according to ASTM D2699, Source: Coryton, England [31]. 
b Density (ρ) measured according to EN ISO 12185. Ref [30]. 
c Dry Vapor Pressure Equivalent (DVPE) at 37.8°C, according to EN 13016-1, Source: Coryton, England [31]. 
d Distillation data, according to ASTM D86, Source: Coryton, England [31]. 
e Molar enthalpy of vaporization (ΔHvap), calculated from vapor pressure measurements. 
f Specific enthalpy of vaporization (ΔHvap), calculated from vapor pressure measurements and molar weight. 
g Detailed hydrocarbon + oxygenates analysis measured by two-dimensional gas chromatography (GCxGC). Ref [30]. 
h Molecular weight (MW) calculated from two-dimensional gas chromatography (GCxGC). Ref [30]. 
i Average sum formula calculated from two-dimensional gas chromatography (GCxGC). 
j Molar Hydrogen to Carbon ratio (H/C) calculated from two-dimensional gas chromatography (GCxGC). 
k Index of Hydrogen Deficiency (IHD) calculated from two-dimensional gas chromatography (GCxGC) acc. to Eq. (1). 
l Particulate Matter Index (PMI) calculated according to Eq. (2). Source: Coryton, England [31]. 
m Oxygenate Extended Sooting Index (OESI) calculated from SP measurements according to Eq. (3). 
n Yield Sooting Index (YSI) calculated from two-dimensional gas chromatography (GCxGC) according to Eq. (5). 
o Soot threshold (φST) determined from measurements conducted according to methods and materials chapter 3.1. 

 163 
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2.2 Chemical characteristics 164 

It is known that unsaturated compounds tend to form more soot than paraffinic compounds. The sooting 165 

tendency follows the sequence: paraffins < olefins < naphthenes < mono-aromatics < poly-aromatics 166 

[17]. The unsaturation of a hydrocarbon compound can be understood as the lack of hydrogen, which 167 

can be captured by the index of hydrogen deficiency (IHD) also called degree of unsaturation (DU) or 168 

double bond equivalent (DBE), and is long-known [32, 33]. For a fuel containing the elements carbon, 169 

hydrogen, and oxygen with an average formula CnHmOp the index of hydrogen is calculated as:  170 

IHD = (n + 1) − (
𝑚

2
) =  𝑀𝑊𝐹𝑢𝑒𝑙 (

𝑤𝐶

𝑀𝑊𝑐

− 
𝑤𝐻

2 ∗ 𝑀𝑊𝐻

) + 1 (1) 

Where n, m, and p are the number of carbon, hydrogen, and oxygen atoms, respectively. MW is the 171 

molar weight, and w is the weight proportion, where the subscript C stands for carbon and H for 172 

hydrogen. The average molar weight of the fuel MWFuel can be calculated from a detailed chemical 173 

composition analysis.  174 

As could be seen in Eq. (1), isomeric structures, such as chain branching, are not distinguished. 175 

Furthermore, the IHD counts the C=O double bond of carbonyl groups equally to carbon-carbon and 176 

aromatic double bonds. However, carbonyl compounds are not a significant constituent of the present 177 

fuels. Consequently, IHD is not directly influenced by the number of oxygen atoms. Both factors, the 178 

fuels’ molecular structure and the oxygen bound in the molecule, significantly affect the sooting 179 

tendency of fuel [34-36]. IHD is closely linked to the molar hydrogen to carbon ratio (H/C) and has 180 

proven its ability as an indicator affecting fuels’ sooting tendency and particulate engine emissions for 181 

hydrocarbon fuels. However, it is well known that introducing oxygen to the molecular structure 182 

decreases the sooting propensity of a fuel, while C-C double bonds lead to an increase [37]. For this 183 

reason, applying the IHD (or H/C) without further consideration of the molecular-bounded oxygen needs 184 

to fail when the fuels to be compared deviate significantly in the oxygen content or the respective 185 

molecular structure of the oxygenate. However, within the presented fuel series, a certain correlation 186 

between sooting behavior and IHD is present due to their similar oxygen content. 187 

As stated before, aromatics are more prone to form soot than saturated hydrocarbons, which is why 188 

special attention was given to fuels’ aromatics content in research to particulate engine emissions, e.g., 189 
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[38-43], as well as in fundamental combustion research, e.g., [19, 30, 44]. Especially heavy, high 190 

molecular weight aromatics with carbon chain lengths equal to and greater than nine atoms 191 

(C9+ aromatics) are particularly interesting. 192 

Composition of the investigated fuels. For all investigated fuels the detailed chemical composition 193 

was determined using two-dimensional gas chromatography (GCxGC) [30]. The technique allows for 194 

proper separation and classification of all fuel constituents by coupling two chromatographic separations 195 

with different polarities. In Fig. 2, results by group (paraffins, olefins, naphthenes, and aromatics) of the 196 

detailed chemical composition are given in comparison to the data set of 280 conventional summer-197 

grade gasoline fuels [45] (box-plots). Considering the sum groups, all test fuels are in the same range as 198 

the comparison data set. A look at the individual aromatic classes, broken down by their C-atom number, 199 

reveals a fuel composition that differs noticeably from the conventional gasoline data set. On the one 200 

hand, the investigated standard-compliant gasoline blends have fewer C8 aromatics than the 201 

comparative data set’s average. On the other hand, they exhibit a significantly higher proportion of 202 

C10 aromatics. This is different for the E30, which has increased C8 aromatics, but almost no 203 

C9+ aromatics. This fuel set can thus be used to specifically investigate the influence of heavy, high 204 

molecular weight aromatics with carbon chain length equal to and greater than 9 (C9+ aromatics) on 205 

emission characteristics of gasoline.  206 

 
Fig. 2. Hydrocarbon groups of the investigated gasoline blends in comparison to the 
reference data of 280 conventional types of gasoline [45]. 
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2.3 Volatility 207 

Distillation data could characterize fuel’s volatility. Measurements are performed according to the 208 

EN ISO 3405 standard. Unlike pure substances, mixtures of different compounds do not have a single 209 

value as their boiling point, but their evaporation occurs within a temperature range (= boiling range). 210 

The boiling curves indicate the evaporation temperature at which a certain volume fraction of the liquid 211 

mixture is evaporated. The initial boiling point (IBP) corresponds to the boiling point of the lightest 212 

component, and the final boiling point (FBP) corresponds to the heaviest component's boiling point. In 213 

particular, the volume fraction evaporated at 70 °C, 100 °C, and 150 °C (E70, E100, E150) and the FBP 214 

are essential volatility requirements for the use of gasoline on the European market (DIN EN 228). E70 215 

represents the lower boiling end, E100 captures the middle distillate volatility, and E150 is the upper 216 

boiling end. Vapor pressure can also be regarded as a characteristic value for fuel volatility. In DIN EN 217 

228, the Dry Vapor Pressure Equivalent (DVPE) measured at 37.8 °C (100 °F) according to EN 13016-1 218 

is specified. Particular interest in studies of particulate emissions from engines is given to the upper 219 

boiling end, which includes the T70/780/T90/T95 points, e.g., [38, 43]. 220 

Volatility characteristics of the investigated fuels. In Fig. 3, the distillation profiles measured 221 

according to ASTM D86 standard test method (by Coryton, England [31]) are shown and compared to 222 

the data set of 280 different conventional types of gasoline [45] (solid lines forming a grey area) and 223 

three ethanol/gasoline blends (dashed lines). Two distillation curves particularly stand out. One is the 224 

ethanol/gasoline blend E30, which shows a flat section just above E70 (75 – 79 °C) corresponding to 225 

the boiling point of ethanol (78.3 °C). This is similar to the other three ethanol/gasoline blends. 226 

Secondly, the blend ReMax, where a large more volume fraction is evaporated at E100 than for the other 227 

standard-compliant test fuels. This can be attributed to the high isooctane proportion (boiling point 228 

99 °C). The high C9+ aromatics content of the test fuels is reflected in the upper end of the distillation 229 

curves, resulting in higher T80/T85/T90 values compared to the 280 gasoline data set [45]. The final 230 

boiling point (FBP) of all fuel candidates is similar.  231 



 

12 

 

Fig. 3. Distillation curves in comparison to reference data of 280 conventional types of 
gasoline [45] (Lines = Akima Splines). 
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3. Material and methods 248 

This section describes the basic experimental methodology used to determine the emission 249 

characteristics of the fuels, i.e., the examined soot indices and a laminar burner to determine the soot 250 

threshold, the direct injection engine used to study the particle number emissions, and the flow reactor 251 

facility used to measure the soot precursor chemistry. Finally, the correlation analysis applied for 252 

comparison and analysis of the different results is presented.    253 

3.1 Soot indices 254 

In this work, we used different soot indices to describe the sooting propensity of the fuels in various 255 

combustion environments. On the one hand, sooting tendency indices, like OESI and YSI, are initially 256 

measured in diffusion flames. On the other hand, the soot threshold (φST) is based on measurements on 257 

a premixed laminar flat flame. PMI developed based on engine measurements, including IHD and vapor 258 

pressure, completes the set of soot indices. We chose different soot indices to minimize the influence of 259 

experimental and simulation variance on subsequent correlations, respectively. 260 

Particulate Matter Index (PMI), for example, could be calculated by the Honda approach [16] according 261 

to Eq. (2): 262 

Which includes fuel factors like the IHD and the vapor pressure VP at 443 K of each fuel compound i 263 

weighted by their mass fraction w. Oxygen bounded in the fuel molecule and its influence on soot 264 

formation is not explicitly considered in the PMI. 265 

For determining the basic sooting tendency of hydrocarbon fuels, smoke point (SP) measurements are a 266 

widely used method [17, 50], which is even prescribed as a specification parameter for aviation fuel 267 

certification (ASTM D1655). SP represents the flame height of a diffusion-controlled wick flame 268 

without a breakthrough of soot. Here, fuel sooting tendency is inversely proportional to SP, i.e., the 269 

lower SP is, the more a fuel forms soot. Calcote and Manos [17] derived the apparatus-independent 270 

Threshold Soot Index (TSI) for hydrocarbon fuels to minimize the difference between the respective SP 271 

measurement sources. The TSI is not adequate for oxygenated fuels because the TSI overestimates their 272 

PMI = ∑ (
𝐼𝐻𝐷𝑖 + 1

𝑉𝑃(443𝐾)𝑖

∙ 𝑤𝑖)
𝑖

 (2) 
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tendency to soot. Barrientos et al. [18] developed an adaption of the TSI for oxygenated fuels (CnHmOp) 273 

by dividing the molar stoichiometric oxygen-fuel ratio by SP, namely the Oxygen Extended Sooting 274 

Index (OESI): 275 

OESI = 𝑎′ (
𝑛 +

𝑚
4

−
𝑝
2

𝑆𝑃
) + 𝑏′ = 𝑎′

𝑀𝑊𝐹𝑢𝑒𝑙

𝑆𝑃
(

𝑤𝐶

𝑀𝑊𝐶

+
𝑤𝐻

4 ∙ 𝑀𝑊𝐻

−
𝑤𝑂

2 ∙ 𝑀𝑊𝑂

) + 𝑏′ (3) 

Where n, m, and p are the number of carbon, hydrogen, and oxygen atoms per mole of fuel, MW is the 276 

molar weight, and w is the weight proportion of each element in the fuel (C/H/O). Again, the molar 277 

weight of the fuel MWFuel can be calculated by detailed chemical composition data as mentioned before 278 

for IHD or can be estimated according to Barrientos et al. [51]. Apparatus-specific constants a’ and b’ 279 

can be obtained by linear regression analysis of pure compound measurements against TSI literature 280 

data [52], assuming that TSI ≈ OESI for oxygen-free hydrocarbons [18]. 281 

McEnally and Pfefferle [19] developed the Yield Sooting Index (YSI) experimentally determined by the 282 

maximum soot volume fraction fv,max along the centreline of a diffusion flame: 283 

YSI = 𝑐 ∙ 𝑓𝑣,𝑚𝑎𝑥 + 𝑑 (4) 

Where c and d are apparatus-specific constants used to ensure a YSI scale range from 0 to 100. The YSI 284 

is a characteristic measure for the tendency of a pure compound or a mixture to produce soot in a 285 

combustion environment. 286 

Furthermore, in a consecutive study, McEnally et al. [20] showed that the YSI of a mixture could be 287 

calculated following the mixing rule of a linear summary of the individual YSIi corresponding to each 288 

component i of the mixture, weighted according to their mole fraction xi, as given in Eq (5). Therefore, 289 

it can be used to predict the sooting propensity of newly developed fuels. Hence, the YSI of a fuel can 290 

be simulated when the detailed quantitative composition of a fuel is determined with component 291 

accuracy, as is possible, e.g., using comprehensive two-dimensional gas chromatography (GCxGC) [53] 292 

following Eq (5). 293 
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 YSIFuel  = ∑ (𝑥𝑖 ∙ 𝑌𝑆𝐼𝑖) =  ∑ (𝑤𝑖 ∙
𝑀𝑊𝐹𝑢𝑒𝑙

𝑀𝑊𝑖

∙ 𝑌𝑆𝐼𝑖)
𝑖𝑖

 (5) 

Here, wi corresponds to the mass fraction of component i, MWi to the molecular mass of component i, 294 

and MWFuel to the medium molecular mass of the fuel mixture. Both wi and MWFuel can be determined 295 

from GCxGC-data. 296 

For the investigated fuel series, PMI was measured by Coryton, England [31] and calculated as described 297 

by Aikawa et al. [16] according to Eq. (2). Smoke point (SP) of the test fuels was measured in a 298 

standardized wick lamp and published within a previous study [30]. OESI was calculated according to 299 

Eq. (3), and the determination of the apparatus-specific constants for OESI (and TSI) calculation is 300 

described in the supplemental material. The determination of the YSI as a function of the composition 301 

derived from GCxGC is based on the precise identification and quantitation of all individual components 302 

present in the fuel blends (for details regarding the GCxGC analysis, see [30]). The YSI was 303 

subsequently calculated via Eq. (5), taking the mole fractions and average molecular weights derived 304 

from GCxGC-data and the YSIi of the individual component from the database created by the Pfefferle 305 

research group [54]. Measured YSI is available in the database for about 95 % of the components 306 

determined by GCxGC. The remaining 5 % were linearly extrapolated from the nearest available 307 

neighbors.  308 

The soot threshold (φST) was determined from the measurement of the particle number density in the 309 

exhaust gas of a premixed laminar flat flame using a condensation particle counter (CPC 3022A, TSI). 310 

In section 5 of the supplemental material and previous publications [55, 56] a detailed description of the 311 

measurement, including a scheme of the experimental setup, is given. The measured particle densities 312 

were scaled to 104 particles/cm3, and the corresponding value of the fuel-air equivalence ratio (φ) was 313 

determined from an exponential function fitted to the data points of each measurement. As a measure of 314 

the sooting propensity, the φ value defined as soot threshold (φST) is obtained from the gradient at a 315 

particle concentration of 104 particles/cm3, by extrapolation to the baseline, as shown in Fig. 4. 316 
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Fig. 4. Normalized particle concentrations for different fuels showing the 
extrapolation to the soot threshold (φST). The grey dashed tangent lines indicate 
the maximum gradients of the increasing particle concentration and are 
extrapolated to the baseline where the intersection gives the value for φST. 

The determination of φST is shown as an example for four different fuels. The extrapolation of the tangent 317 

line to the baseline (particle concentration below the detection threshold) yields the values of φST. The 318 

uncertainties are determined from at least three repeated measurements of each fuel and range from 319 

± 0.016 to ± 0.030. 320 

3.2 Test engine 321 

The test engine is a series production turbocharged gasoline direct injection engine with four cylinders 322 

(in-line), a displacement of 2 liters, and a centrally mounted Bosch high-pressure injection valve 323 

(HDEV6) with fuel pressure up to 350 bar. The engine test bench includes an engine dynamometer with 324 

external controllable coolant, fuel, air, and intercooler temperatures. Engine oil temperature is not 325 

controlled. This temperature results from constant coolant temperature and a specific load of the 326 

operating point. In-cylinder pressures were measured by piezoelectric pressure transducers (Kistler 327 

6041B). Gaseous and particulate engine-out emissions were measured using a Horiba Mexa 7100 and a 328 

Horiba SPSC 2100, respectively. PN determination is based on laser scattering condensation particle 329 

counting (CPC); the system allows for a counting efficiency of 50 % ±12 % for 23 nm particles, counting 330 

efficiency of 41 nm particles is >90 %. 331 
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For the PN evaluation of the renewable fuel candidates, three measurement points of the Bosch 332 

renewable fuel evaluation program, as published in [7], were chosen. First, PN emissions were evaluated 333 

in load sweeps at stationary engine operation in cold and warm conditions. Second, the robustness of 334 

the fuel PN emission on Start-of-Injection (SOI) was analyzed by SOI sweeps at low engine speeds and 335 

different engine loads. Finally, transient PN emission was analyzed by quasi-digital load steps from idle 336 

to wide open throttle load under cold conditions and low engine speed. The operating conditions and 337 

parameters of all three program points are listed in Table 2. 338 

Table 2 
Engine parameters and conditions of all three tested measurement points. 

 
a) Load sweeps 
Parameter Unit  
Speed  rpm 2000, 4000, 6000 

Load (BMEP) bar 2, 4, 6, 8, 10, 12, 14, 16, 18 

Rail pressure bar Calibration engine map 

Temperature coolant °C 
Cold engine: 25 – 40 
Warm engine: 90 – 125 

SOI °CA before TDC Calibration engine map 

Ignition angle °CA after TDC Calibration engine map 
 
b) SOI sweeps 
Parameter Unit  
Speed  rpm 1500 

Load (BMEP) bar 2, 10, 18 

Rail pressure MPa 20, 20, 35 

Temperature coolant °C 90 

SOI °CA before TDC 240 – 360, variation in steps 10 

Ignition angle °CA after TDC Optimized for MFB50 at 8 
 
c) Load steps 
Parameter Unit  
Speed  rpm 1500 

Load (BMEP) 
bar 

Low load: 2.5 
High load: 16 

Rail pressure Mpa 35 

Temperature coolant °C 30 

SOI °CA before TDC 290 

Ignition angle °CA after TDC Optimized for MFB50 at 8 

Time at low load s 135 

Time at high load s 45 
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Load sweeps were tested at three different engine speeds at warm and cold engine conditions. A load 339 

sweep was performed at each engine speed from 2 to 18 bar brake mean-effective pressure (BMEP). 340 

Rail pressure, Start-of-Injection (SOI), ignition angle, and other parameters were defined by the 341 

calibration data of the engine. It was checked that these parameters were constant for each fuel, meaning 342 

that measured PN emission differences can objectively be ascribed to fuel effects. The SOI sweeps were 343 

performed at constant engine speed for three different loads. On each load, SOI was varied from 344 

360 °CA to 240 °CA before the top dead center (TDC) in steps of 10 °CA with SOI of 290 °CA as the 345 

center. 346 

The ignition angle was optimized for the position where 50 % of the fuel mass fraction is burned (MF 347 

B50), and rail pressure was kept constant for each fuel. A quasi-digital step for a continuous time 348 

window was performed for the load steps. The engine was run at a low load for 135 s, followed by a 349 

high load operation for 45 s. After that, a consecutive new low load and high load cycle followed. The 350 

loading pattern was repeated until, in total, six load steps were performed. During each load step, a 351 

temporal variation of PN concentration was measured. The first load step was neglected for data 352 

evaluation to pre-condition the engine and lose track of measurements conducted before. Hence, five 353 

load steps were taken for PN emission evaluation. PN emission signal was averaged, and one load step 354 

was chosen closest to the average. This best-fit load step is used for further discussion in this paper. 355 

3.3 Atmospheric laminar flow reactor (ALFR) 356 

The chemistry of the homogeneous gas phase was studied in DLR’s atmospheric laminar flow reactor 357 

(ALFR) coupled with molecular-beam mass spectrometry (MBMS). The ALFR has been widely used 358 

for kinetic studies of combustion chemistry of pure substances [57-59], component mixtures (surrogates 359 

and additives) [60], and typical single-molecule alternative fuels, e.g., oxymethylene ethers (OMEs) 360 

[61, 62], alcohols [63, 64] and farnesan [44]. In addition, extensive studies have been conducted on the 361 

oxidation behavior of real technical fuels, e.g., jet fuels [65, 66] and gasoline [30]. For this work, the 362 

speciation data of Zinsmeister et al. [30] are used to analyze the influence of fuel properties on the soot 363 

precursor chemistry. A detailed description of the flow reactor facility and the evaluation method is 364 

given in [44, 67]. In the following, only selected aspects of the experiment are presented. 365 
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In the ALFR experiment, the liquid fuel is pre-vaporized and carried to the flow reactor in high Argon-366 

dilution (Ar > 99 %(v/v)). Control of flow rates is performed by calibrated Coriolis mass flow 367 

controllers (Bronkhorst, Mini CORI-FLOW™). In the flow reactor, a well-known temperature profile 368 

is imposed on the gas flow running cooling temperature ramps from high to intermediate gas 369 

temperatures (1230 – 785 K). A relative accuracy of ±5 K can be assumed. In-situ sampling is performed 370 

at ambient pressure at the reactor outlet via a quartz nozzle using a differential pump stage (10-4 – 10-371 

6 mbar). The extracted gas sample is expanded into the high vacuum to suppress further combustion 372 

reactions. After applying soft electron ionization (EI; actual energy 11.5 eV), the individual combustion 373 

intermediates can be detected based on their mass-to-charge ratio (m/z) in a reflectron time-of-flight 374 

mass spectrometer (TOF-MS). Evaluation and quantification of the measured signals were performed 375 

according to [67, 68] resulting in uncertainties in mole fractions of 10 – 20 % for species evaluated by 376 

direct cold gas calibration and a factor of 2 – 4 for species mole fractions estimated by the relative 377 

ionization cross section (RICS) method [69]. From the speciation data set in [30], only the slightly-rich 378 

combustion conditions, i.e., the air-fuel ratio of λ = 0.83, were used in this work. Flowrates of the test 379 

fuel series, a schematic of the ALRF facility, and a more detailed description of the used evaluation 380 

method are given in the supplement material. 381 

3.4 Correlation matrix of fuel properties 382 

For interpretation of the influence of the various fuel properties as well as the fundamental results from 383 

lab experiments, a correlation analysis with the engine PN emissions is performed. For this purpose, the 384 

value of a specific fuel property (e.g., evaporated volume fraction at 70 °C, E70) is plotted against the 385 

measured PN concentration at a certain engine condition (e.g. at 2 bar BMEP) for all fuels. A least 386 

square linear fit is performed and the resulting correlation quality, i.e., the correlation coefficient (R²) is 387 

recorded in a matrix (e.g., 0.2 for E70 vs. 2 bar BMEP). Strong correlations (R² close to 1) are color-388 

coded dark while weak correlations (R² close to 0) are color-coded white. The respective rounded R² is 389 

noted in the respective matrix field. The resulting matrix of fuel properties and engine condition then 390 

allows for the identification of areas with a strong correlation of a fuel property at a certain engine test 391 

condition. This type of analysis is reported for comparing particulate emissions recorded at the load 392 

sweep (variation of BMEP, Fig.7), at the SOI sweep (Fig 9), at the load steps (Fig. 11), and for the soot 393 
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precursor intermediates (Fig. 12) measured at the atmospheric laminar flow reactor (ALFR). For each 394 

analysis, the fuel properties are divided into volatility properties (i.e., relevant values of the distillation 395 

data as well as specific and molar ΔHvap) and chemical composition-related properties (i.e., the soot 396 

indies and mass fractions of chemical classes abundant in the fuels).  397 

4. Results and discussion 398 

This section examines the fuel effect on the tendency towards soot formation from three sides. In the 399 

following, we will look at different fuel parameters of influence. First, the sooting propensity determined 400 

from different soot indices is evaluated. Second, engine particulate emissions are assessed. Third, the 401 

soot precursor chemistry is investigated in the homogenous gas phase independent of fuel evaporation 402 

effects. Finally, those three sets of data and parameter correlations are compared to each other, 403 

respectively.  404 

4.1 Soot indices and sooting propensity 405 

Different soot indices described the sooting propensity of the fuels. Fig. 5 shows pair plots of different 406 

soot index metrics: PMI, OESI, YSI, soot threshold (φST), and IHD. Since a high value of φST 407 

corresponds to a low propensity to form soot, the reciprocal φST value is used. Linear least square fits 408 

(dashed lines) are applied, and the corresponding correlation coefficients of determination (R²) are also 409 

given. Note that φST was not measured for the complete fuel set. 410 

As shown in Fig. 5, linear least square regression between each pair of the soot indices OESI, YSI, and 411 

PMI, prove a linear correlation of these indices, with a coefficient ranging from R² = 0,92 up to 412 

R² = 0.99. The correlation of the three indices with IHD is less strong (R2 from 0.75 to 0.98). The 413 

correlation of all indices with laminar flat flame-based soot threshold (φST) (R² = 0.66 – 0.81) is the 414 

weakest but still clearly visible. The linear correlations of each pair of PMI, OESI, and YSI for the entire 415 

series of fuels give the best results. This is of particular interest since the three indices use independent 416 

properties as divisors, i.e., the PMI is the quotient from the division of the IHD and the vapor pressure 417 

of individual compounds. In contrast, the OESI divides the smoke point by the stochiometric oxygen 418 

demand. Finally, the YSI reflects the respective fuel compounds' mole fraction weighted sooting 419 
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propensity. All three indices are designed to reflect the sooting behavior of diffusion flames. Less 420 

stringent correlations exist for the IHD and φST, neither associated with diffusion flames. 421 

The group of fuels with approximately the same high amount of aromatics (wAromatics = 35 – 41 %(m/m)), 422 

namely RefEU5Cert, MTBEmax, ETBEmax, iBuOHmax, FT(18)MTBE, and FT(20)ETBE, form a 423 

cloud of measuring points for most of the soot indices. The reference fuel has one of the highest sooting 424 

propensities for almost every index. This is not unexpected since it has the lowest oxygen content of 425 

1.76 %(m/m) alongside the highest aromatics content of 40.8 %(m/m). It is noteworthy that the PMI 426 

lists the MTBEmax as the most sooting fuel.  427 

 
Fig. 5 Pair plot of different soot index metrics: Particulate Matter Index (PMI), Oxygen Extended Sooting 
Index (OESI), Yield Sooting Index (YSI), reciprocal value of soot threshold (φST), and Hydrogen Deficiency 
Index (IHD). Linear least square fits are given as dashed lines. (R² = coefficient of determination). 
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The oxygen amount of the other standard-compliant fuels is about ~ 3.6 %(m/m), very similar and close 428 

to the upper limit of the DIN EN 228 specification. The lower sooting propensity of this bulk of fuels is 429 

represented by iBuOHmax, for almost all indices, i.e., PMI, OESI, YSI, and IHD. In contrast, φST shows 430 

a lower soot propensity for the FT(20)ETBE.  431 

ReMax and E30 are the fuels with the lowest sooting propensities, while the sooting propensity of 432 

ReMax is determined to be higher than E30 for all soot indices. The oxygen content of the ReMax fuel 433 

is similar to the fuel mixtures considered before. Still, it has a lower total aromatics concentration 434 

(wAromatics = 15 %(m/m)), leading to a lower sooting propensity. Although the E30 fuel has a higher 435 

amount of aromatics (wAromatics = 22 %(m/m)) than the ReMax fuel, it exhibits the lowest sooting 436 

propensity. It seems evident that the higher aromatics concentration is compensated by, the higher 437 

oxygen content of about 11 %(m/m). The effect of oxygen content on soot oxidation has already been 438 

reported, e.g., [70, 71]. A closer look at the fuel composition reveals that the type of aromatics may also 439 

affect the results. Most of the aromatics in E30 are composed of 8 C-atoms, while in ReMax, most 440 

aromatics are higher than C9. 441 

Even though all soot indices considered to capture the sooting propensity for this fuel pair (ReMax and 442 

E30), notable differences can be observed: IHD and φST indicate a sooting propensity very close to each 443 

other, while the other indices differ significantly for these fuels. For IHD, the insensitivity to the oxygen 444 

content is not surprising since no double bound is formed and counted by OH groups of alcohol. In 445 

principle, the soot threshold φST as a measured value considers all fuel characteristics. It should be noted 446 

that the respective flames are designed for a constant gas velocity leading to a lower fuel flow rate for 447 

ReMax since a lower amount of substance is required for a gas volume, being comparable to the other 448 

fuels. For the same reason, different flame temperatures can be expected for the various fuels that are 449 

not compensated when determining the φST. 450 

4.2 Particle number (PN) engine emissions 451 

This chapter discusses the results of the three sets of tests: Load sweep, SOI sweep, and load steps. 452 

Load sweep. Six sets of stationary load sweeps at different engine speeds (2000/4000/6000 rpm) with 453 

the cold and warm engine were conducted to assess a general dependency of PN emissions on the engine 454 
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load and engine temperature in the calibrated engine map. In Fig. 6, the engine out PN concentration for 455 

engine load in a range of 2 – 18 bar BMEP is shown for a cold and warm engine, comparing the fuel 456 

candidates. Due to experimental issues, E30 measurement is not available for 2000 rpm, warm engine. 457 

At a warm engine and 2000 rpm (a), the lowest PN emissions (< one order of magnitude) can be seen 458 

for ReMax in the tested load range in comparison to the other fuel candidates. Whereas, at 4000 rpm 459 

(b), all the fuels behave more similarly, with ReMax at the lower end of the data set. Similar behavior 460 

can be found at 6000 rpm for ReMax fuel (c). At these two engine speeds, the fuel properties may play 461 

a subordinate role in PN emissions, which will be discussed later. For 4000 rpm (e) and 6000 rpm (f) 462 

and cold engine, the PN emission behavior for the different fuels is similar to the warm engine. No 463 

significant differences between the fuel candidates can be measured. For 2000 rpm and cold engine (d), 464 

fuel differences in PN emissions become more apparent, with ReMax and E30 showing the lowest PN 465 

concentration. 466 

 

Fig. 6. Normalized engine out particulate number (PN) concentration for load sweeps at 2000/4000/6000 rpm. 
Absolute PN concentration is normalized on the maximum value of RefEU5Cert fuel at 6000rpm and each 
temperature set. Top: Warm engine operation, coolant temperature: 90 °C. Bottom: Cold engine operation, coolant 
temperature: 25 – 40 °C. 

It is known that PN engine emissions can be influenced by fuel properties, especially during cold start 467 

[41]. Therefore, in more detail, we examined the cold engine load sweeps at 2000 rpm. Measured data 468 

are correlated with fuels’ properties, and the coefficient of determination R² assesses the goodness of 469 

the least square linear fit. Fig. 7 pictures the correlation matrix between PN (2000 rpm, cold engine) and 470 
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fuels’ volatility and chemical composition properties, respectively. Dark-colored areas indicate a strong 471 

correlation, while the actual coefficients of determinations (R²) are given in the colored rectangles. The 472 

data shows the best correlation between PN emission and fuel properties for engine loads greater than 473 

12 bar BMEP. At the same time, the highest correlation can be found for chemical fuel composition, 474 

such as soot indices and aromatics content. Remarkably, E30 fuel exhibits higher PN emissions at loads 475 

< 12 bar BMEP than ReMax. Other effects may dominate the particle formation here, which are not 476 

described by the analyzed fuel parameters. Although mostly enthalpy of evaporation (ΔHvap) is named 477 

as the root cause for higher soot emissions of ethanol-containing fuels [72, 73], this study cannot confirm 478 

this. The ΔHvap correlation coefficient is relatively low for all engine loads tested. 479 

 
Fig. 7. Load sweeps correlation matrices between PN (2000 rpm, cold engine) and fuels’ (a) volatility and (b) 

chemical composition, respectively. (R² = coefficient of determination). 

Start of injection (SOI) sweep. SOI sweeps are performed to challenge the effect of engine 480 

injection timing on PN emissions. Especially early or late injection timing could lead to liquid 481 

fuel wall films, where specific fuels could react with increasing PN emissions depending on 482 

their fuel properties. The results for different SOI on PN emission concentration are presented in 483 

Fig. 8. Three engine loads at a speed of 1500 rpm and a warm engine (T-coolant: 90 °C) were compared. 484 

At each load, the SOI was swept between 240 °CA and 340 °CA before the top dead center, with 485 

calibrated SOI at 290 °CA. Note that running smoothness is reduced (COV was measured between 486 

3 – 5 % independent of the tested fuel candidate) at 2 bar BMEP, which results in higher PN fluctuation. 487 

Therefore, differences in PN emission should not be interpreted and correlated with fuel properties.  488 
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At 10 bar BMEP, the PN concentration shows a similar picture as in the load sweep measurement 489 

(c.f. Fig. 6 a). Most tested fuels behave similarly and are grouped at higher PN levels except ReMax. At 490 

this load, E30 is also located in the group of fuels showing higher PN concertation. Whereas most fuels 491 

show increased PN emissions at early SOI (e.g., 340 °CA), ReMax and E30 do not show this behavior. 492 

PN emission seems less sensitive on SOI for those two fuel candidates. This insensitivity can be seen 493 

especially at high engine load (c.f. Fig. 8 c). At 18 bar BMEP, ReMax and E30 also exhibit the highest 494 

PN emission reduction. 495 

 
Fig. 8. Normalized engine out PN concentration for SOI sweeps at 1500 rpm and different engine loads. Absolute 
PN concentration is normalized on the maximum value of RefEU5Cert fuel at 18 bar BMEP. a) Low engine load 
2 bar BMEP. b) Moderate engine load 10 bar BMEP. c) High engine load 18 bar BMEP. 

In Fig. 9, the corresponding correlation matrices between PN and fuels’ volatility and chemical 496 

composition are shown for the SOI sweep. Note that the correlation matrix for 2 bar BMEP is not shown 497 

due to low combustion smoothness as described above. At medium load (10 bar BMEP), no clear 498 

correlation between engine out PN emission and the fuel parameters can be seen. The highest 499 

coefficients of determination (R² ~ 0.7) can be found for volatility parameters such as ΔHvap mol, T30, 500 

and E70. However, at high engine load, the chemical composition seems to have a greater impact on 501 

engine out PN emissions, as total aromatics, heavy aromatics, and soot indices correlate best with 502 

coefficients of determination (R² > 0.7). It can be noted that the highest coefficients of determination 503 

can be found at early SOIs (340 °CA) and late SOIs (240 °CA). It seems that especially the chemical 504 

composition shows a higher impact on PN emission at injection timings, where homogenization time is 505 

reduced (e.g., 240 – 250 °CA) or components are exposed to liquid fuel as the injection takes place when 506 

the piston is near the top dead position (e.g., 320 – 340 °CA). At injection timings near the calibration 507 

value (290 °CA), the fuel property effect on PN emission may be subordinated at high engine load. 508 
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Fig. 9. SOI sweeps correlation matrices between PN (1500 rpm, cold engine) and fuels’ (a/c) volatility and (b/d) 
chemical composition, respectively. Top: SOI @ 10 bar BMEP, Bottom: SOI @ 18 bar BMEP. (R² = coefficient 
of determination). 

Load steps. Besides stationary operation, the load step measurement represents the dynamic reaction of 509 

engine out PN emissions on a rapid increase in engine load. These measurements extend the evaluation 510 

of the fuel candidates on PN emission under transient engine operation. In Fig. 10, left the PN emission 511 

reaction of the engine is shown. At 20 s, PN concentration increases due to high load demand. After 512 

that, the steady high load phase follows, where the PN signal remains at higher concentration values. 513 

However, the peak when reaching high load condition can be found at each fuel's beginning of the load 514 

step (between 20 – 30 s). Peak and average values (between 20 – 40 s) for each fuel are drawn in a 515 

separate diagram in Fig. 10, right.  516 
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Fig. 10. Left: Normalized engine out PN concentration for load steps at 1500 rpm (cold engine, coolant 
temperature 30°C). Right: Normalized PN peak maximum and PN average (window: 20 – 40 s). Absolute PN 
concentration is normalized on the peak value of RefEU5Cert fuel between 20 and 40 s for both graphs. 

In both temporal PN concentration and peak/average concentration, MTBEmax and FT(20)ETBE 517 

exhibit the highest PN emissions of the fuel set. At the same time, ReMax and E30 show the lowest PN 518 

emission in the dynamic load step. The correlation map (Fig. 11) indicates the chemical composition 519 

(e.g., heavy aromatics, soot indices), as well as the boiling curve between the mid and high boiling range 520 

(e.g., E150, T70), governing the PN emission behavior of the fuels. For example, ReMax exhibits the 521 

lowest boiling curve between 100 – 150 °C and the lowest aromatics content.  522 

 

 
Fig. 11. Load steps correlation matrices between 
PN (peak maximum and peak average) and fuels’ 

a) volatility and b) chemical composition, 
respectively. (R² = coefficient of determination). 

In summary, two main fuel groups were identified in the engine experiments. The first group exhibits 523 

high PN emissions, including RefEU5Cert, MTBEmax, ETBEmax, iBuOHmax, FT(18)MTBE, and 524 
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FT(20)ETBE. Since the renewable fuel candidates were designed with similar boiling behavior and 525 

heavy aromatic target as RefEU5Cert, this clearly shows that the fossil base fuel content is determining 526 

the sooting behavior (mainly aromatics content) of the fuel instead of the amount and type of renewable 527 

component. This is in line with the expectations drawn from all discussed soot indices. Even though the 528 

order of fuels varies slightly for the different indices, i.e., PMI, OESI, YSI, φST, and IHD, the similarity 529 

of PN emission for different engine operating conditions is confirmed for this set of fuels. The second 530 

group includes ReMax and E30, which have shown significantly lower PN emissions. Again, this 531 

finding aligns with expectations based on the soot indices. The fuel sooting behavior can be attributed 532 

primarily to the chemical fuel composition with a low aromatics content and significantly fewer heavy 533 

aromatics (C9+ aromatics). In transient engine operating points and under conditions with a high 534 

probability of mixture inhomogeneities or piston/liner wetting, volatility properties from the mid to end 535 

boiling range (e.g., E150) become apparent as a reason for PN emission behavior. Contrary to the 536 

expectation, enthalpy of evaporation did not show a high correlation with PN engine out for ethanol 537 

containing fuel E30. Further insight into the composition effects of the tested fuels on soot formation 538 

will be given in the following chapter. 539 

4.3 Soot precursor chemistry 540 

To assess the fuel composition effects on the soot precursor chemistry, we correlated fuel properties to 541 

the maximum mole fraction of selected benzene and soot precursors already published in [30]. The 542 

maximum mole fractions were measured at slightly-rich combustion conditions in DLR’s atmospheric 543 

laminar flow reactor coupled with MBMS spectrometry. The formation of the first aromatic ring 544 

structure is often cited as crucial in the soot precursor chemistry, e.g., [9-13]. Typical benzene build-up 545 

species from the degradation of hydrocarbon fuels are small intermediates like acetylene (C2H2), 546 

allene/propyne (C3H4), vinyl acetylene (C4H4), butadiene (C4H6), and cyclopentadiene (C5H6). Further 547 

reaction of benzene with these small build-up species, among others, can lead to the formation of 548 

polycyclic aromatic hydrocarbons (PAHs), which also play an essential role in soot precursor chemistry. 549 

Linear least square correlation matrices between maximum mole fractions (xi,max) of previously named 550 

small benzene build-up species, as well as selected aromatic soot precursor species and 551 

volatility/chemical composition characteristics of the gasoline blends, are shown in Fig. 12. Mono-552 
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aromatics such as benzene (C6H6) and indene (C9H8), as well as PAHs like acenaphthylene (C12H8), 553 

fluorene (C13H10) and phenanthrene (C14H10), were chosen as aromatic soot precursors as examples. 554 

Again, dark-colored areas indicate a strong correlation, while the actual coefficients of determinations 555 

(R²) are given in the colored rectangles. As for the engine correlation matrices, the left plot images the 556 

soot precursors’ correlation to fuels’ volatility, while the right plot allows interpretation of the 557 

correlation to fuels’ chemical composition. 558 

 
Fig. 12. Soot precursors correlation matrices between maximum mole fraction and fuels’ a) volatility and b) 

chemical composition, respectively. (R² = coefficient of determination). 

In Fig. 12 b), high correlation coefficients of determination (R² = 0.78 – 0.96) between aromatic species 559 

larger than benzene (C9H8, C12H8, C13H10, and C14H10) and soot indices (PMI, OESI, YSI, and φST) 560 

indicate that soot formation is already caused in the gas phase by higher condensed aromatic species. 561 

As in a previous comprehensive study of jet fuel combustion kinetics [65], benzene (C6H6) does not 562 

appear to be the best indicator of soot formation within the species pool of soot precursors for 563 

oxygenated types of gasoline as well. Among the smaller build-up species, only vinyl acetylene (C4H4) 564 

shows a clear correlation to the soot indices (R² ≈ 0.7), whereby correlation to H/C and IHD is even 565 

more pronounced (R² ≈ 0.9). As a measure of the lack of hydrogen, the IHD (or H/C) indicates the 566 

unsaturation of a fuel. In principle, like aromatics, polyunsaturated hydrocarbons form more soot than 567 

saturated hydrocarbons such as paraffins [17]. It is, therefore, not surprising that there is a strong 568 

correlation between the aromatic composition of the fuels and the soot precursor species formed. 569 
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As for engine PN emissions, correlations with fuel volatility (Fig. 12 a)) also occur for the investigated 570 

soot precursors. The correlation between aromatic soot precursor species and distillation data 571 

E100/E150 and T70/T80/T90 appears relatively strong (R² = 0.7 – 0.9). However, since the 572 

measurements of soot precursor chemistry take place with pre-evaporated fuel in the homogenous gas 573 

phase, the influence of the fuels’ volatility behavior is excluded. Therefore, this can only be a matter of 574 

correlations whose causality is influenced by fuel chemistry. 575 

Distillation data such as T80/T90 and E150 mentioned fuel properties that affect PN engine emissions 576 

(e.g., [42]). They represent the upper boiling end of a substance and are significantly influenced by fuel 577 

composition. We have taken a closer look at the composition of the upper boiling end, more precisely 578 

at the theoretical residual volume fraction of 20 %, which corresponds to the T80 point. Note that the 579 

T80 volume fraction was taken from the two-dimensional gas chromatography data, not from a real 580 

distillation process. Thus, effects such as under and over-attraction are not considered. For example, the 581 

chemical composition of the T80 volume fraction of the reference fuel RefEU5Cert as well of the fuel 582 

candidates ReMax and E30 is shown as weighted bar charts divided into the hydrocarbon groups: n-583 

paraffins, isoparaffins, olefins, cycloparaffins and aromatics in Fig. 13. Moreover, the mono-aromatics 584 

group is broken down to the number of C-atoms. For the investigated test fuels, T80 points lie in a 585 

temperature range of 110 – 160 °C, which is why species smaller than C8 are almost absent from the 586 

T80 volume fraction, and mono-aromatics with C8 to C11 atoms dominate the T80 composition overall.  587 

As we have already pointed out in our previous publication [30], soot precursor chemistry is a highly 588 

complex process. Simple correlations such as more aromatics in a fuel cause higher soot precursor 589 

concentration are only sometimes valid for highly complex fuel mixtures. Predominant PAH formation 590 

pathways of different aromatic fuel components are discussed below, each based on a representative 591 

species of C7, C8, C9, and C10 aromatics. Starting with toluene (C7H8), p-xylene (C8H10), 592 

1,2,4-trimethylbenzene (C9H12), and ending with polymethylated 1,2,4,5-tetramethylbenzene (C10H14). 593 
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Fig. 13. Chemical composition of remaining not evaporated fuel volume fraction at T80 of the reference gasoline 
RefEU5Cert, and the test fuels ReMax and E30. 

Yuan et al. [74, 75] stated that PAH formation during toluene pyrolysis occurs via fuel consumption 594 

products such as C6H6CH2, C7H6, C6H6, and C5H6, among others. Investigation of benzene-propyne and 595 

toluene-propyne flames of Hansen et al. [76, 77] show that molecular growth is mainly driven by 596 

recombination reactions of radicals, ring closure, and ring enlargement reactions, while fuel-structure 597 

has only minor influence. For p-xylene, C8-chemistry involving species like styrene, styryl, and 598 

phenylacetylene plays an important role. However, PAH formation pathways related to benzene/toluene 599 

can be considered for C8H10 as well since toluene is one of the main decomposition products of xylene 600 

isomers [78, 79]. In studies of alkylbenzene isomers, it was shown that the tendency to soot depends on 601 

the number of substituents; e.g., trimethylbenzene tended to form more soot than ethyl toluene [80]. 602 

Metathesis of 1,2,4-trimethylbenzene gives dimethyl benzyl radicals, which react further but are not 603 

entirely degraded to benzene [81]. Similar assumptions can be adapted to the C10 mono-aromatics, e.g., 604 

for C10H14 isomers. It can be expected that polymethylated 1,2,4,5-tetramethylbenzene will promote soot 605 

formation more than n-butylbenzene. Overall, for higher-substituted aromatics, in our case, C9/C10 606 

mono-aromatics, degradation down to benzene will play only a minor role in PAH formation. 607 

This explains why E30 has a lower concentration of high molecular weight soot precursors than the 608 

ReMax, despite a higher total aromatics content. This difference is also well reflected by the majority 609 
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of soot indices and the PN emissions at fuel-sensitive engine conditions. For E30, the most significant 610 

aromatic fractions are C8 aromatics. In contrast, for ReMax and the other test fuels, the C9 aromatics 611 

make up the majority of the total aromatics content, which is also reflected in the composition of the 612 

T80 volume fraction in Fig. 13. It can thus be shown that the correlation to distillation parameters 613 

(especially to the upper boiling end values E150 and T80/T90) is an effect of the chemical composition 614 

rather than an evaporation effect. However, they are considered volatility characteristics. On this basis, 615 

the correlation between PN emissions and fuels’ volatility, shown in Fig. 7 for load sweeps, Fig. 9 for 616 

SOI sweeps, and Fig. 11 for load steps, could also be attributed to the chemical composition of the fuels, 617 

especially of the upper boiling end of the fuels.  618 

5. Conclusion 619 

This study investigated fuel effects on emission characteristics of six real technical drop-in renewable 620 

gasoline fuel candidates compliant with DIN EN 228 and one ethanol/gasoline blend focused on soot 621 

formation. First, the sooting propensity of the fuels was assessed using different soot indices. Second, 622 

particle number (PN) emissions were measured on a series production turbocharged gasoline direct 623 

injection engine with four cylinders. Third, soot precursor chemistry was investigated using a laminar 624 

flow reactor at atmospheric pressure and a slightly-rich air-fuel ratio of λ = 0.83. Finally, correlations to 625 

fuel volatility and chemical characteristics were made for the complete data set. 626 

Good correlations between the soot indices were found for the Particulate Matter Index (PMI), the 627 

Oxygen Extended Sooting Index (OESI), and the Yield Sooting Index (YSI) for all fuels. This is of 628 

particular interest since the related division of these indices differs significantly. However, within the 629 

narrow band of the DIN EN 228, all indices provide useful predictions of the fuels’ sooting propensity. 630 

Engine exhaust measurements are in line with expectations resulting from the soot indices: Fuels with a 631 

similar composition of heavy aromatics (C9/C9+ aromatics) and soot indices (PMI, OESI, and YSI) 632 

have an equivalent level of engine out PN emission in stationary engine operation, in engine maps at 633 

different loads, and engine speeds. However, for most investigated engine conditions, slight differences 634 

in fuel properties cannot be distinguished in engine PN concentration measurements. 635 
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The picture drawn by soot indices and PN engine exhaust measurements is completed by examination 636 

of the soot precursor chemistry in the homogeneous gas phase. It can be concluded that engine PN 637 

emissions for the test conditions (e.g., limited evaluation under transient conditions) and the tested fuel 638 

candidates are primarily influenced by fuel chemistry. In particular, the composition of the hydrocarbon 639 

fraction is decisive, with the heavy C9/C9+ aromatics and the upper distillate significantly impacting 640 

soot formation. The apparent PN dependence on evaporation parameters such as E100 and E150 thus 641 

represents a correlation rather than causality since the evaporation properties of a fuel blend are 642 

significantly influenced by its composition and the contribution of the individual components. For the 643 

unique fuels investigated herein, the following summary can be drawn in compliance with all examined 644 

fuel properties, from fuel chemistry to engine-out PN emissions: 645 

• ReMax and E30 allow significantly reduced engine-out PN emissions due to their composition. 646 

• Among the DIN EN 228 compliant fuels, ReMax, with the highest renewable content, enables 647 

significant PN reduction. The base fuel composition and not the renewable content gain primary 648 

influence on PN emissions. 649 

• Enthalpy of vaporization (ΔHvap) does not significantly correlate with the engine-out PN 650 

concentration under the tested operating points and conditions. 651 

• Higher boiling end parameters are not directly responsible for increased sooting propensity but 652 

are a measure for large aromatics. C9/C9+ aromatics indeed increase soot formation 653 

independent from boiling behavior. 654 

• No apparent influence of the structure of the renewable oxygenated component, i.e., alcohol or 655 

ether, on soot formation. 656 

In summary, this work highlights the impact of chemical fuel composition, especially the late middle 657 

distillate, i.e., primarily heavy C9/C9+ aromatics, as the decisive influence of the tendency to form soot 658 

of a molecular complex fuel. Contrarily, it was found that the vaporization behavior of the fuel only 659 

plays a subordinate role inside the limitations mentioned above. 660 
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