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Abstract
Particulate matter (PM) indices—those linking PM emissions from gasoline engines to the composi-
tion and properties of the fuel—have been a topic of significant study over the last decade. It has 
long been known that fuel composition has a significant impact on particulate emissions from 
gasoline engines. Since gasoline direct injection (GDI) engines have become the market-leading 
technology, this has become more significant because the evaporative behavior of fuel increases in 
importance. Several PM indices have been developed to provide metrics describing this behavior 
and correlating PM emissions. In this article, 16 different PM indices are identified and collected—to 
the authors’ knowledge, all of the indices are available at the time of writing. The indices are reviewed 
and discussed in the context of the information required to calculate them, as well as their utility. 
The authors believe that there is a need for indices that provide both a detailed and robust correla-
tion, as well as those that are less sophisticated yet sufficient for specific use cases. Future research 
is suggested to guide the technical community toward improvements in the indices’ methods and 
equations for both high and low fidelity and high and low time investment.
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 FIGURE 1  Implementation of particulate regulations (test cycles differ between countries).
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1. �Introduction

Particulate matter (PM) emissions from vehicles have 
been regulated in some form since 1987. Many coun-
tries around the world will have new emissions regula-

tions implemented over the next few years—spurred by 
concerns around air quality and public health in many of these 
territories. These new regulations involve significant reduc-
tions in gaseous emissions and particulates, which are 
measured by either mass or number, depending on the country 
and the certification level (see Figure 1). These new standards 
present significant challenges for original equipment manu-
facturers to meet, which have increased the awareness of all 
factors inf luencing engine-out emissions, including the 
composition and properties of gasoline-range fuel.

An increased understanding of the causes of PM emis-
sions from gasoline engines has been developed in recent 
years. Automakers have made significant advancements to 
meet the regulations shown in Figure 1, but future emissions 
standards will be even more challenging. At the same time, 
regulation-driven technology changes are being implemented 
to improve fuel economy. According to “The 2020 EPA 
Automotive Trends Report,” 55% of original equipment manu-
facturers’ model year 2020 cars were powered by a gasoline 
direct injection (GDI) engine and 35% had turbocharging to 
meet their mandated fuel economy requirements [1]. These 
technologies have been shown to improve thermal efficiency 
and fuel economy, but direct injection can cause a significant 
increase in PM emissions [2, 3]. Figure 2 shows PM (particle 
or soot mass) and particle number (PN) emissions from 
vehicles with various engine technologies, including both a 
previous-generation port fuel injection (PFI) gasoline engine 
and a GDI engine. The PFI vehicle emitted roughly 1 mg/km 
of PM, whereas pre Euro 5 GDI vehicles had emissions as high 
as 15 mg/km—although more typically around 5 mg/km. The 
pre Euro 5 vehicles emitted PM in the same range as diesel 

vehicles not equipped with a diesel particulate filter. More 
modern Euro 5/6 GDI cars were below 5 mg/km, but in most 
cases, emissions at this technology level were higher than 
would be allowed by future regulations. Results are also shown 
for a GDI car equipped with a gasoline particulate filter (GPF) 
that are well below 1 mg/km and 6 × 1011 #/km. Results from 
a more recent study, shown in Figure 3, also demonstrate that 
PM mass emissions (the central horizontal line in each box) 
are significantly higher for GDI vehicles as compared to the 
PFI vehicles at the same certification levels [4]. The authors 
conclude that the higher carbon emissions for the GDIs are 
due to spray impingement on the piston and wall, which is a 
fixed design feature of the combustion chambers. Although 
significant progress has been made in PM emissions reduc-
tions across the fleet of vehicles, additional improvements will 
be needed for carmakers to be able to utilize the downsized 
turbocharged GDI engines to simultaneously meet future fuel 
economy and emissions regulations.

One area of focus has been the effect of fuel composition. 
Gasoline is a variable mixture of hundreds of different hydro-
carbon components, and these variations are substantial 
worldwide. Due to these compositional differences, different 
fuels will give rise to different levels of PM emissions. 
Therefore, understanding the influence of fuel composition 
on PM emissions is very important for comparing emissions 
results, as well as to work toward overall reductions in PM 
emissions. For example, the effect of changing a fuel specifica-
tion to lower PM will reduce emissions from the entire on-road 
and off-road fleet. In 2010, the first index to correlate the 
composition of a fuel to the engine-out emissions was devel-
oped by Honda—the particulate matter index (PMI). The 
initial PMI work showed a very strong correlation (R2 = 0.95) 
between PMI and measured PM emissions. Today, the Honda 
PMI is considered the gold standard that other indices are 
compared to and is being used by various laboratories and 
original equipment manufacturers as a metric to understand 
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 FIGURE 2  Representative PM and PN emissions from various vehicle technologies [5, 6, 7, 8, 9, 10] (DPF: diesel 
particulate filter).
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 FIGURE 3  Results from a study of 82 cars from model years 1988-2014. Measured PM mass (shown in box-whiskers), median 
elemental carbon (EC, black diamond data points), and median primary organic aerosol (POA, green circle data points) emissions 
factors (mg/mi) for different vehicle classes. Boxes represent the 25th to 75th percentiles, the horizontal line indicates the median, 
and the whiskers cover 99.3% of the data [4]. (LEV = low emission vehicle, ULEV = ultra-low emission vehicle, SULEV = super ultra-
low emission vehicle).
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the impact of fuel composition on emissions. The index reveals 
the range of PM emission impacts of market fuels and how to 
create test fuels for use in the development of new technologies 
to meet future emissions standards. The stringency of these 
standards demands indices that predict emissions with high 
fidelity and that are based on analytical methods with high 
accuracy and precision across a range of fuels.

The PMI relies on a full detailed hydrocarbon analysis 
(DHA)—in other words, complete compositional analysis 
of the fuel in question. The gas chromatography (GC) config-
uration required for a DHA is common in research labora-
tories, it is much less so in labs found in a refinery or 
terminal. The method is also time consuming and requires 
a skilled operator/analyst. Thus an improved index based on 
a more widely accessible analytical methodology is desired. 
Hence, efforts are underway to provide correlations to the 
PMI using other chemical or physical analytical methods 
that are cheaper and quicker but still provide a strong corre-
lation to a set of engine-out emissions data. The technical 
community has also suggested improvement in some of the 
methods, as well as the desire to coalesce around the ones 
that provide the best representation based on the accuracy 
needed for a particular task [11, 12]. Many of the PM indices 
discussed in this article provide a mechanism by which a 
fuel’s PM-forming tendency relative to other fuels can 
be determined based on physical and/or chemical properties 
of the fuel rather than costly and time-consuming DHA. 
Accurate determination of those properties is critical. Such 
indices can facilitate the introduction of fuels with a lower 
PM-forming potential.

This article reviews the current state of the art in the 
development of these indices and proposes a path forward 
toward widespread implementation. We catalog all published 
methods known to the authors for predicting PM, PN, and 
chemical soot formation with indices, and explain the differ-
ences in each of these groups. We cover in more detail the 
needs for improved indices that provide greater accuracy and 
take longer to process, as well as those that are simple and 
quick. We also discuss the applicability of these indices in the 
future, such as on vehicles with GPFs, sub-23-nm particulates, 
and fuels containing ethanol at various levels. Finally, 
we discuss the need for a correlation that encompasses both 
the physical and chemical nature of a fuel, which may be more 
complex than the PMI number alone.

2. �PM/PN Measurements 
and Emissions 
Regulations

2.1. �PM and PN Measurement
Particle mass is usually measured (for legislative purposes) 
using a filter method. Here, after some specified dilution, 
temperature, and humidity control, the exhaust is passed 

through a filter, which captures the PM. The particle mass can 
then be determined by very precise weighing (accurate to 
0.001-0.005 mg) of the collected sample. The filter captures 
multiple exhaust constituents that are collectively considered 
to be PM as defined by this method [13, 14, 15]. These constitu-
ents include, for example, elemental carbon (EC), organic 
carbon, and other material that has condensed onto the filter. 
Soot, also known as black carbon, can be readily measured 
directly from the exhaust with electronic instruments such 
as a micro soot sensor.

Where legislated, PN is measured in accordance with the 
Particle Measurement Programme (PMP) report [16] in virtu-
ally all jurisdictions (with a similar Real Driving Emissions 
[RDE] approach reported in [17]). Today, the PMP method 
captures particles down to a D50 (50% counting efficiency) of 
23 nm. However, there are engine technologies that can have 
high PN levels, especially below 23 nm. This is supported by 
many different studies [18, 19, 20, 21, 22]. For this reason, the 
forthcoming Euro 7 regulations will take into account 10 nm 
particles [23]. As a result, a number of recent projects have 
focused on this change [24, 25, 26]. The PMP method counts 
only solid particles and specifies dilution and temperature 
requirements as well as the solid-particle-counting system 
needed (typically a condensation particle counter) to measure 
PN repeatably. The PMP method has been used widely for 
accurate PN measurements since its introduction as part of 
the Euro 5 legislation in 2011.

Numerous studies have reported correlations between 
PM and PN when measured in accordance with legislative 
requirements. Mass is obviously a conserved quantity, but 
number is not, so it is not immediately obvious that there 
should be a correlation between these two. Nevertheless, given 
the relatively constant size distributions emitted from gasoline 
engines, there is a strong correlation. We have summarized 
some correlations found in the literature in Table 1. Although 
there is some variability, a value of 2 × 1012 particles/mg is 
consistently seen. If we consider the data in Figure 2, we can 
replot it to show these correlations for the different engine and 
emissions control technologies (Figure 4). The slope of the 
correlations seen in these data ranges from 4 × 1011 particles/
mg (GDI GPF) to 2 × 1012 particles/mg (Pre EU5 GDI)—in 
line with the figures seen in the literature (Table 1).

TABLE 1 PN-PM correlations from the literature.

Correlation slope Source
2.3 × 1012 particles/mg [27]

2 × 1012 particles/mg [28]

2.7-3.8 × 1012 particles/mg [29]

0.2-2.0 × 1012 particles/mg [30]

2 × 1012 particles/mg (hot) and 2.5 × 1011 
particles/mg (cold)

[31]

2 × 1012 particles/mg [32]

2.6 × 1012 particles/mg [33]

3.8 × 1012 particles/mg [34] ©
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2.2. �PM and PN Emissions 
Regulations

PM has been legislated as an emission since 1987 in California 
and since 1994 with the introduction of the Tier 1 standards 
in the United States. Globally, there are two main approaches 
to regulating pollutant emissions: those from the European 
Union and the United States. Most countries follow one of 
these two systems, with the main difference being the test 
cycles (World-Harmonized Light Vehicles Test Procedure 
[WLTP] vs. Federal Test Procedure 75 [FTP-75]) and whether 
PN is regulated. The global emissions standards for PM and 
PN (all normalized to per-kilometer emissions) are shown in 
the Appendix in Tables A.1 and A.2. Most standards world-
wide are in reasonably close agreement. The standards have 
become far more stringent since they were first introduced. 
PM is now only permitted to be emitted at 1.5% of the first 
legislated standard. It can also be seen in Tables A.1 and A.2 
that, in some jurisdictions, there are different standards for 
different vehicle technologies—gasoline, GDI, and, in the case 
of the Japanese legislation, stoichiometric GDI.

In order to narrow the gap between laboratory emissions 
and real-world emissions, the WLTP and the new RDE test 
procedures using Portable Emissions Measurement Systems 
(PEMS) have been recently introduced in Europe [35]. The 
main goal was to establish a more representative pollution test 
for cars and light commercial vehicles (vans). The European 
RDE regulation defines not-to-exceed limits for solid PN 
emissions, meaning that all valid RDE tests must result in 
emissions that satisfy those limits. These limits are defined 
via so-called conformity factors, which are multipliers of the 
reference emissions limit applicable to the laboratory proce-
dure. The margin for PN was set to 0.5 in the third phase of 
RDE (conformity factor = 1.5), which has been applied since 
September 1, 2018, for all new vehicles. The fourth phase of 

RDE introduced the in-service conformity procedure and 
began on September 1, 2019, for which vehicles need to show 
compliance with their emissions limits throughout their 
defined normal life (5  years or 150,000  km, whichever is 
sooner) under normal conditions of use. The conformity 
factors are greater than one to reflect the increased measure-
ment uncertainty of PEMS instrumentation. These conformity 
factors are continuously reviewed based on decreased PEMS 
uncertainties. Further information may be found in [36, 37, 
38]. RDE is evaluated using whatever market fuel happens to 
be in the vehicle. In the absence of a PMI (or similar) limit for 
market fuel, it is possible that some market fuels that are 
outliers in terms of specification, but nevertheless compliant, 
could cause a PM compliance failure.

In addition to the tightening of PN emissions measure-
ments regulating the 10-nm particle size noted previously, the 
target of the future Euro 7 regulation is to guarantee the 
robustness of the standards by setting a “fuel-neutral 
approach” and make PN standards fuel neutral and 
technology neutral.

Very little information about a potential China 7 emis-
sions regulation exists in published literature. However, some 
companies are noting that China 6b is even more stringent 
than the Euro standards and, specifically, that China 7 will 
be a unique legislation [39]. One recent SAE paper by Ball et al. 
compares the Euro 6d and China 6b emissions limits for 
gasoline passenger cars [40]. The paper seems to suggest that 
the China 6b limits may be the same as or close to the Euro 
7 limits.

Given the impact that fuel composition has on PM forma-
tion, there are standards within the legislation to specify the 
composition of the fuel that can be used in a test (a reference 
or certification fuel) or allowed in the market (a market fuel). 
The parameters particularly relevant to PM formation from 
some common reference fuel standards are shown in Table 2. 

y = 2E+12x
R² = 0.9098

y = 4E+11x
R² = –0.13

y = 1E+12x
R² = 0.8849

y = 8E+11x
R² = 0.5156

1E+09

1E+10

1E+11

1E+12

1E+13

1E+14

0.01 0.1 1 10 100

PN
 e

m
iss

io
ns

 (#
/k

m
)

PM emissions (mg/km)

Pre EU5 GDI

PFI gasoline

EU5/6 GDI (no GPF)

GDI GPF

 FIGURE 4  Replotted Figure 1 showing the PM-PN correlations.
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Euro 5 and Euro 6 specifications are followed by most coun-
tries that have a PN standard, and other countries follow the 
United States (U.S.) approach. The more recent fuel standards 
(EU6 and LEV III) contain lower levels of aromatics and are, 
perhaps, slightly more representative of what is available in 
the market (and are E10, or 10% ethanol by volume). 
Nevertheless, given the range of properties allowed for a given 
reference fuel a wide range of PM-forming tendencies is 
possible. One study reported a difference in the PN emissions 
of a factor of about 3 during tests of fuels within the EU5 
reference fuel standard [41]. Some of the fuel specifications 
documented in Table 2 imperfectly attempt to account for PM 
formation. For example, the specifications for U.S. reference 
fuels include ranges for specific aromatic fractions to mitigate 
PM variability. A PMI limit for reference fuels and market 
fuels might be preferable.

As an aside, some markets require fuel detergent addi-
tives to prevent engine deposits. The fuels referenced in Table 
2 do not specify any fuel additives, although they may 
be present for the market fuels. Note that in Europe, there is 
no regulation requirement for a maximum or minimum of 
any fuel additive. U.S. market fuels, although not used in 
certification testing, require a minimum detergent concentra-
tion [42, 43]. It is clear that the use of deposit control additives 

can assist in minimizing PM/PN emissions by controlling 
intake valve and fuel injector deposits, which hinder fuel-air 
mixing and thus increase the potential to form PM [44, 45]. 
Additionally, some additives may be carried in a heavy hydro-
carbon suspension and not consumed in the combustion 
process, which could increase PM. A recently published study 
investigating the instantaneous impacts of fuel detergents on 
PM emissions within a clean engine revealed an optimal 
concentration of fuel detergent to minimize PM emissions 
separate from the deposit effects on the combustion process. 
Rather than the expected linear response as detergent concen-
tration increased, lower PM emissions were witnessed at the 
mid-point TOP TIERTM dose in 2 of the 3 trails, which are 
approximately 2.5 times the U.S. federally required minimum 
detergency in fuel. Interestingly, at some very low doses, and 
all doses higher than current market levels, the PM increased 
from base fuel, indicting a role in the proper use of fuel deter-
gents as a factor in minimizing PM emissions. Furthermore, 
after minimal carbon deposits accumulation within the 
engine, the PM was higher than any of the trails with fuel 
additives on the clean engine. Although outside the scope of 
this paper, it is important to note that both parts of the study 
indicate proper control of market fuel additives can aid in 
minimizing PM [44].

TABLE 2 Parameter ranges from legislative fuel specifications relevant to PM formation.

EU5 reference 
fuel

EU6 reference 
fuel

EN228 market 
fuel

CARB LEV III 
reference fuel

EPA Tier 3 reference 
fuel

Vapor pressure (kPa) 56.0-60.0 56.0-60.0 45.0-100.0 47.6-49.6 60.0-63.4

E70a (% v/v) 24-44 34-46 22-52 n/a n/a

T10b (°F) n/a n/a n/a 130-150 120-140

E100c (% v/v) 48-60 54-62 46-72 n/a n/a

T50d (°F) n/a n/a n/a 205-215 190-210

E150e (% v/v) 82-90 86-94 75 (min) n/a n/a

T90f (°F) n/a n/a n/a 310-320 315-335

FBPg (°C) 190-210 170-195 210 199 (max) 193-216

Olefins (% v/v) 3.0-13.0 6.0-13.0 0-18.0 4.0-6.0 4.0-10.0 (% m/m)

Oxygenates (% m/m) 3.3-3.7 3.3-3.7 0-3.7 3.3-3.7 n/a

Ethanol (%v/v) n/a n/a n/a 9.8-10.2 9.6-10.0

Aromatics (% v/v) 29.0-35.0 25.0-32.0 0-35.0 19.5-22.5 21.0-25.0

Multi-substituted alkyl 
aromatics (% v/v)

n/a n/a n/a 13-15 n/a

C6 aromatics (% v/v) n/a n/a n/a 0.6-0.8 0.5-0.7

C7 aromatics (% v/v) n/a n/a n/a n/a 5.2-6.4

C8 aromatics (% v/v) n/a n/a n/a n/a 5.2-6.4

C9 aromatics (% v/v) n/a n/a n/a n/a 5.2-6.4

C10+ aromatics (% v/v) n/a n/a n/a n/a 4.4-5.6

a Volume of fuel evaporated at 70°C.
b Temperature at which 10% of the fuel has evaporated.
c Volume of fuel evaporated at 100°C.
d Temperature at which 50% of the fuel has evaporated.
e Volume of fuel evaporated at 150°C.
f Temperature at which 90% of the fuel has evaporated.
g Final boiling point.
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3. �Chemical Tendency to 
Form Particles

When burned, fuel molecules have different tendencies to 
form soot depending on their molecular structure. During 
combustion, compounds undergo unimolecular or bimolec-
ular decomposition, resulting in fragments that further react 
to form either combustion products (CO2 and H2O) or small 
polycyclic aromatic hydrocarbon (PAH) soot precursors. The 
soot formed during combustion of varying classes of hydro-
carbon fuels largely depends on the propensity of their radical 
intermediates to form the first aromatic ring [46]. For instance, 
cleaner-burning small n-alkanes decompose to primarily 
ethylene and methyl radicals, which overwhelmingly favor 
CO2 formation over the coupling and cyclization reactions 
that lead to soot formation. Longer-chain alkanes result in a 
greater number of propargyl and cyclopentadienyl radicals, 
which have low barriers toward the formation of the first 
aromatic ring [46]. Aromatic fuels sidestep many of these 
initial first barriers to PAH growth and tend to have the 
highest tendency to form soot. The role of oxygen moieties in 
PAH growth is complicated, and determining whether oxygen 
will impede or accelerate the formation of PAHs requires a 
detailed understanding of the mechanisms available to a given 
fuel at engine-relevant conditions [47].

A fuel’s chemical structure continues to influence soot 
formation even after the first aromatic ring has formed. 
Growth of PAHs proceeds primarily through the hydrogen 
abstraction, acetylene addition mechanism (Figure 5) [48, 49, 
50]. This mechanism comprises a repetitive iteration of two 
reactions: firstly, the formation of an aromatic radical through 
the removal of a hydrogen atom and, secondly, the addition 
of an acetylene molecule to grow the PAH by two carbons. 
Successive rounds of these reactions can close newly formed 
aromatic rings and lead to the growth of large, multi-ring 
molecules. Oxidation of these PAH molecules is also possible, 
and the relative concentrations of reactant species leading to 
PAH growth versus oxidation alter the soot produced.

Because of the complex, multiscale nature of internal 
combustion engines, experimental measurement of a mole-
cule’s chemical sooting tendency is typically carried out under 

more controlled conditions. The most detailed experimental 
methods track gas species concentrations along with soot 
surface growth rates and nucleation rates to enable the 
construction of validated kinetic models of PM formation [51]. 
Although robust, these approaches are experimentally 
cumbersome, and building kinetic models to describe soot 
particle formation from first principles is typically limited to 
a number of small, well-studied molecules [52, 53]. As a result, 
much of the knowledge on how oxygenates affect sooting 
tendency has been inferred from correlative methods that 
measure how readily different substances form soot in stan-
dardized laboratory flames.

The smoke point (or smoke height) is perhaps the earliest 
experimental method for determining the sooting propensity 
of organic compounds, first formalized in the 1930s. The 
smoke point measures the maximum height of a diffusion 
f lame that can be  achieved from a fuel source without 
producing any soot and was used to gain insight into the struc-
tural contributions of molecules in soot formation [54, 55, 56]. 
However, raw smoke point measurements suffer from several 
limitations, most important of which were the apparatus-
dependent flame heights obtained. Calcote et al., therefore, 
introduced the threshold sooting index (TSI) in an effort to 
standardize and compare smoke point data from different 
laboratories [54]. The TSI was used to evaluate the effective-
ness of oxygenates in reducing the sooting tendencies of 
gasoline blends [57]. For instance, the authors found that alde-
hydes and ketones were the most effective in reducing the TSI 
over similar alkanes, whereas for a constant volume fraction, 
esters and ethers were the least effective. In 2013, Barrientos 
et al. developed the oxygen-extended sooting index (OESI), 
another scaling of the smoke point measurement that explic-
itly accounts for the reduced stoichiometric need for air in 
oxygenate combustion [58]. This rescaled index corrected 
several errors in the estimated sooting tendencies for oxygen-
ates specifically, but similarly corroborated the evidence that 
aldehydes are more effective than ketones, alcohols, and ethers 
in suppressing soot formation. However, the results showed 
explicitly that oxygen content alone is insufficient in predicting 
a molecule’s sooting tendency and that subtle variations in 
molecular structure are crit ica l in determining 
sooting tendency.

 FIGURE 5  Hydrogen abstraction, acetylene addition mechanism for ring growth during PAH formation. Successive rounds of 
chain extension can lead to large, multi-ring soot precursors.
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Despite its usefulness, the smoke point-based sooting 
indices suffer from several disadvantages, particularly when 
it comes to measuring the sooting tendency of oxygenates. 
Standardized smoke point methodology requires at least 
20 mL of test compound, which limits the test to compounds 
that can be synthesized economically in quantities sufficient 
for testing [59]. Because flame height is inversely proportional 
to sooting propensity, it is difficult to accurately measure high-
sooting compounds or those that do not produce a luminous 
flame, such as ethanol. Even for ideal conditions, an observer 
must qualitatively decide when the flame is sooting based off 
on the shape of the flame, leading to variations in measured 
smoke point and derived metrics, where some compounds 
can vary by >20 TSI units between studies.

Perhaps the largest database of the sooting tendencies of 
oxygenates has come from the development of the yield 
sooting index (YSI), which uses laser-induced incandescence 
[60]—and more recently color ratio pyrometry [61]—to deter-
mine sooting tendencies using only 20 μL of sample. The effi-
ciency of this test method has allowed the measurement of 
the sooting tendency of approximately 450 unique compounds, 
many of which contain oxygenated functional groups in 
varied configurations [62]. These results were the first to 
indicate that some oxygenate functionality may actually 
increase sooting tendency [63]. For instance, secondary 
alcohols were shown to have a higher YSI than n-alkanes of 
the same length, whereas esters were found to have either an 
increased or decreased YSI over n-alkanes with the same 
carbon content depending on whether the molecular structure 
could react via the four- or six-center reactions. For unsatu-
rated esters, the position of the C=C double bond relative to 
the carbonyl functional group qualitatively changes the mole-
cule’s sooting behavior [64]. When the C=C double bond is 
directly connected to the carbonyl group, the YSI is compa-
rable to that of the corresponding unsaturated ester; however, 
large increases in YSI are seen when the C=C double bond is 
located farther away from the carbonyl linkage [64].

In evaluating potential fuels, and for developing emis-
sions indices, estimates of a molecule’s sooting tendency are 
often required. The simple approach developed and used in 
PMI is the double bond equivalent (DBE), based only on the 
molecular formula of each component [65]. A comparison of 
measured values for YSI, OESI, TSI, smoke point (via the 
normalized smoke point database) [66], and calculated DBE 
values is shown in Figure 6. Although sufficient for a rough 
estimation of sooting tendency, a concerted effort to develop 
methods to predict sooting tendency directly from molecular 
structure has resulted in published group contribution 
methods for TSI, OESI, and YSI [57, 58, 62, 67].

4. �Emissions Indices
An emissions index is a calculated parameter that ranks fuels 
in terms of particle emissions from an engine or vehicle. 
Particle formation can be affected by factors such as fuel 

evaporation and mixing, and hence by fuel properties beyond 
just the chemical soot-formation tendency. Because soot, PM, 
and PN appear to be well correlated in most situations (as 
previously described), indices developed for all these forms 
of PM are considered together [33, 34, 65, 68]. Emissions 
indices can be generally grouped into two classes: those based 
on DHA and those based on bulk properties and less-detailed 
analysis. Because DHA is time consuming and requires a high 
level of chromatography expertise, it is generally considered 
to be a research method suitable for activities such as new fuel 
formulations and blending equation development. Methods 
based on bulk properties may be more practical for routine 
activities such as refinery process control or regulating fuels 
to have lower PM emissions.

4.1. �Indices Based on Detailed 
Chemical Analysis of the 
Fuel

DHA of gasoline is commonly performed using GC with flame 
ionization detection (FID) using standardized methods [69, 
70]. Less commonly, mass spectrometry (MS) is also used to 
identify high-boiling components, and in the most recent 
work, GC with vacuum ultraviolet (VUV) detection has also 
been used [71]. It is typically the highest-molecular-weight 
components in gasoline, especially high-molecular-weight 
aromatic compounds, that are responsible for PM emissions 
[72, 73]. As molecular weight increases, the number of possible 
chemical structures or isomers increases exponentially; there-
fore, the most recent work on improving DHA methods has 
focused on high-boiling, high-molecular-weight component 
identification and quantification.

4.1.1. Methods for Detailed Analysis

4.1.1.1. Conventional DHA. DHA methods utilize high-
resolution GC to speciate and quantify nearly every individual 
component in gasoline. Modern techniques typically use sub-
ambient (cryo-cooled) ovens to begin compound elution at 
low temperatures for isolation of C3 hydrocarbons and 
enhanced resolution of later eluting compounds [70, 74]. A 
need for very slow temperature ramping to maximize resolu-
tion results in a relatively long analysis time, typically 120 
minutes or longer. This procedure was developed utilizing 
known standards of hydrocarbon mixtures as well as GC-MS 
for the identification of individual peaks [75]. Although it may 
not be possible to conclusively identify each isomer without 
genuine standards from mass spectra alone, particularly at 
carbon numbers > 9, the carbon number can be established 
by elution order and hydrocarbon class from characteristic 
mass spectral features. Standardized methods that do not 
utilize MS rely on retention indices compared to n-paraffins 
to establish the location of peaks on the chromatogram. From 
published tables of retention indices, individual components 
can be identified by retention time alone when following the 
specified analytical procedure [69, 74, 76, 77]. Quantification 

Downloaded from SAE International by National Renewable Energy Laboratory, Friday, February 11, 2022



	 9

 FIGURE 6  Pair plot of different sooting index metrics. Experimental values compared include the normalized smoke point 
(plotted as the inverse) from [66], OESI and TSI from [58], and the unified YSI from [62]. The (DBE + 1)Mw descriptor represents 
the mole-percent influence a given compound would contribute to the chemical structure portion of a fuel’s PMI score. Blue points 
indicate non-oxygen-containing hydrocarbons, whereas red points indicate those containing oxygen. Pearson correlation 
coefficients between each pair of sooting metrics are shown for only oxygenates in red and for non-oxygen-containing 
hydrocarbons in blue.
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of compounds is realized by using FID. These detectors have 
a very large linear dynamic range and sensitivity, making 
them ideal for measuring the wide range of concentrations of 
compounds in gasoline, ranging from hundredths of a percent 
to 30% or more of the total sample mass. The response of an 
FID is also predicable and can be accurately approximated 
from compound formulae, which greatly reduces the effort 
required for mass-response calibration of hydrocarbon classes 
[78]. Oxygenates such as ethanol and methyl tert-butyl ether 
can similarly be  quantified using an FID signal but may 
require more effort to establish response calibration and 
measurement accuracy.

Compositional analysis of gasoline can be simplified into 
compound class analyses. Data generated by DHA is typically 
binned into hydrocarbon classes—n-paraffins, iso-paraffins, 
olefins, naphthenes, and aromatics—and the simplified data 
sets are often described as PIONA measurements (paraffins, 
isoparaffins, olefins, naphthenes, and aromatics). This sort of 
generalized analysis of gasoline provides an overall compo-
sitional evaluation, which is useful in characterizing fuels and 
refinery streams.

Although the FID is very well suited for detection and 
quantitation of compounds in gasoline, this is a nonspecific 
detector and, therefore, does not provide qualitative informa-
tion beyond retention time. Any variation in elution order 
caused by column stationary phase formulation will result in 
incorrect identification without the benefit of confirmation. 
In addition, co-elutions cannot be  readily determined or 
deconvoluted. Near-complete resolution of all peaks is neces-
sary to generate accurate data. Very careful evaluation of data 
is also needed to ensure correct assignments of peaks. 
Lab-to-lab precision is reliant not only on consistent execution 
of a procedure but also on analysts and/or software to correctly 
assign identifications. This can lend itself to not only long 
instrumental analysis times but relatively large amounts of 
time spent evaluating data. The inclusion of simultaneous MS 
analysis via post-column flow splitter allows for verification 
of compound IDs as well as isolation and deconvolution of 
co-elutions, but this instrumentation greatly increases cost 
and complexity.

DHA methods are very effective at speciating gasoline-
range hydrocarbons of nine or fewer carbon atoms, as there 
are relatively few possible isomers resulting in less-complex 
chromatograms. In the region of the chromatogram associ-
ated with C10 to C12+ hydrocarbons, the chromatogram can 
become much more complex, with co-elutions becoming 
more commonplace and ambiguity of compound assign-
ments by retention time leading to a decline in precision and 
accuracy. Identifying later eluting compounds via DHA is 
greatly assisted by the inclusion of MS. Despite these limita-
tions in DHA, these techniques can be used to accurately 
measure more than 95% of the composition of a given 
gasoline, which allows for the prediction of key physical prop-
erties such as octane ratings [79], distillation temperatures 
[80], or heat of vaporization [81], among others. These 
methods for measuring gasoline composition naturally lend 
themselves to developing a PMI.

4.1.1.2. Enhanced DHA. Species eluting late in the chro-
matogram are typically multi-substituted aromatics (C9+), 
and thus have a strong leveraging effect on the PMI given their 
high DBE and low vapor pressures; unidentified or misidenti-
fied peaks in this region can result in an inaccurate PMI deter-
mination. The American Society for Testing and Materials 
(ASTM) methods D6729 and D6730 [69, 70] can sometimes 
leave 5% or more of the total peak area unidentified, although 
the magnitude of this value is dependent upon fuel composi-
tion and laboratory technique. Lubkowitz and Meneghini 
developed an “enhanced” DHA based upon the D6730 method 
[11]. Additional gasoline component identifications were 
achieved by splitting the column effluent such that an FID 
and MS detector produced identical retention times. Specific 
identification of substituted naphthalene isomers was accom-
plished by using pure compounds. The final method contains 
860 components, more than double that listed in D6730. The 
unidentified fraction was reduced to <0.5%. The enhanced 
method does not require an MS detector for routine operation, 
but a multicomponent standard and careful review of the 
chromatogram are necessary to maintain quality control. This 
method is documented in Appendix X1 of D6730, including 
individual PMI values for each component [70].

A comparison of PMI values calculated using the 
enhanced method and a traditional method (D6729 [69]) 
reveals the expected result (see Figure 7). There was little 
difference between the two methods for low-PMI fuels, but 
the PMI values calculated using the enhanced DHA method 
were higher for the high-PMI fuels. This result reflects the fact 
that the traditional DHA method identified far fewer heavy 
aromatics in the high-PMI fuel.

4.1.1.3. Advanced Methods. Another technique that is 
very useful for compound class analysis of fuels is compre-
hensive GC × GC. With this instrumentation, extremely high 
resolution can be achieved as the analytes are partially sepa-
rated in one stationary phase followed by concentration and 
reinjection into a second phase [83]. This multidimensional 
chromatography is very well suited for the analysis of hydro-
carbon streams as compound classes are separated primarily 
by carbon number or boiling point in one dimension and 
polarity in the second. Much more rapid analyses can 
be achieved compared to single-column DHA methods [84]. 
Compound classes such as aromatics can be  completely 
resolved from other hydrocarbons into characteristic bands 
in the second-dimension chromatogram, eliminating ambi-
guity in retention time assignments. This is particularly useful 
at higher molecular weights, which are the most difficult 
species to separate with single-column GC. Similar to DHA 
methods, this analysis can be combined with MS for enhanced 
identification. A disadvantage of GC × GC is the relative 
complexity of instrumentation and data analysis, which 
hinders the adoption of a standardized technique.

A recently developed detector for GC, the VUV detector, 
allows for group-type binning without the use of multiple 
columns or full resolution of all compounds [85]. This tech-
nique takes advantage of the fact that most chemical species 
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display unique absorbance spectra in the VUV range of 
140-240 nm [86] and the response of this detector is quantita-
tive with a wide linear range. Given that chemical species in 
a class display similar absorbance spectra and response 
factors, with the utilization of specifically designed software 
for deconvolution it is possible to analyze full-range gasoline 
without the need for high chromatographic resolution [86]. 
Partially co-eluting compounds can be quantified, and hydro-
carbon class positively identified, with a single detector. The 
current standardized method, ASTM D8071 [85], does not 
provide quantitation of each individual compound and gener-
ates data more closely associated with ASTM D6839 PIONA 
analysis [87]. However, with further development, it would 
be possible to provide a full DHA data set using this instru-
mentation. This would require a somewhat higher resolution 
analysis than D8071, more similar to ASTM D6729/D6730, 
but without the degree of resolution required for quantitation 
using FID. Utilizing this detector would have the advantage 
of spectral confirmation of compound class identifications 
simultaneous with robust quantitation. Providing both 
compound verifications and concentrations can be similarly 
accomplished with the enhanced DHA method described 
above with the use of both MS for identification and FID for 
quantitation. A VUV-based DHA analysis would simplify 
instrumentation while reducing the need for high-resolution 
GC. Another potential advantage of this methodology is that 
aromatics have a higher relative response by VUV than FID, 
which improves detection of low-concentration substituted 
naphthalenes that contribute strongly to PMI [88, 89].

4.1.2. PMI and Related Methods The concept of a 
PMI for gasoline was first proposed by Aikawa et  al. [65]. 
Reasoning that both the volatility and molecular structure of 
fuel components play a role in particle formation, emissions 

testing was performed using a series of well-characterized 
pure compounds doped into a base fuel. PN emissions were 
found to be inversely proportional to vapor pressure and di-
rectly proportional to DBE. The latter represents the degree 
of unsaturation in the fuel component and is a measure of its 
inherent soot-formation tendency. The vapor pressure is a 
measure of that fuel component’s tendency to evaporate and 
mix with air (a fully mixed stoichiometric mixture does not 
tend to form soot). The equation form that provided the best 
statistical fit to the emissions data is shown in Equation 1. 
The final PMI is simply the mass-weighted summation of the 
individual PM indices for each component of the fuel. The 
PMI was shown to be a reasonable predictor of PN and PM 
emissions for PFI and GDI vehicles. Subsequent work con-
firmed its applicability to a wide range of market fuels [68] 
(see Figure 8).

	 PMcomponent

K

�
�

�
� �

DBE

VP
Wt

1

443

	 Eq. (1)

where Wt is the weight fraction of each component (from 
DHA), VP is the vapor pressure of each component at 443 K, 
and DBE = (2C + 2 − H)/2 (C = carbon number, H = 
hydrogen number).

4.1.2.1. Menger/Wittmann Index. The Menger/Wittmann 
(MW) index was an attempt at a more detailed index than the 
PMI [90]. It consists of 14 fuel parameters: density, two 
measures of vapor pressure (dry vapor pressure equivalent 
[DVPE] and absolute vapor pressure), four distillation param-
eters (T10, T90, T95, and FBP), total olefin and aromatic 
content, C10 aromatics, >C10 aromatics, C10 naphthenes, 
>C11 paraffins, and high-boiling-point compounds. These 14 
parameters were chosen from an initial list of 200 parameters 

 FIGURE 7  Correlation of PMI values calculated using the enhanced method (PMI-A) and a traditional method (PMI) [82].
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as having the greatest impact on PM emissions. The final 
model takes the form of the following equation:

	 MW index � �
�
�
i

Ra Ge
1

14

	 Eq. (2)

where Ra is the range factor of a parameter and Ge is a 
weighting factor (either −1 or +1, depending on whether the 
parameter has a positive or negative effect on PM emissions).

Ra is determined from the matrix of all the fuels under 
investigation and is effectively a ranking of each fuel param-
eter relative to the whole fuel matrix in 12.5% bands. Ra takes 
a value from −3.5 to +3.5 for density, DVPE, absolute vapor 
pressure, T10, T90, T95, FBP, and total olefin and aromatic 
content, and an integer value from 1 to 8 for C10 aromatics, 
>C10 aromatics, C10 naphthenes, >C11 paraffins, and high-
boiling-point compounds.

The MW index showed a higher correlation coefficient 
with PM emissions than the PMI, particle number index 
(PNI), and either simplified PMI (sPMI) in their work (see 
Figure 9) [90]. However, its use has not been widely reported 
outside this article. Although the index uses some bulk fuel 
properties, a DHA is still required to calculate five of its 
parameters, and the final calculation of the index is more 
complex than the PMI.

4.1.2.2. Particulate Evaluation Index. With the specific 
need to develop a correlation to PMI so that test fuel data 
could be compared across the company’s various test labs, 
GM worked to compile multiple fuel samples over several 
years, along with compiling the ASTM D6729 data, PMI 
numbers, and other fuel properties, and looking at different 
types of correlations that could be easily resolved from the 
analysis [91]. Through that work, a new index was developed, 
the particulate evaluation index (PEI). Because this index 
requires only total aromatic concentrations at carbon numbers 

7-13, it can use simpler fuel analyses than DHA, such as ASTM 
D6839, while maintaining a high correlation to the PMI 
number. It has been an effective tool for comparing test fuels 
and to review market fuel surveys from data sources that are 
using the ASTM D6839 method [91]. The final PEI number 
method was openly released in 2019 so that others could use 
and offer comments to the correlation [92]. The equation as 
stated in the paper is

	PEI
C C C C C C C

�
� �� � � �� � � �� � � � � �� �� �7 2 5 8 5 8 9 4 8 10 35 3 11 12 13

100

. . . .

	
Eq. (3)

with C# representing the volume percent aromatics at the 
stated carbon number. The limitation of this method, as is 
noted in the “Methods” section of the paper, is that the PEI 
number groups C10+ (for C11, C12, and C13) aromatics as a 
single class. This was done to accommodate using various 
analytical method types so that a general comparison of test 
fuel data could be readily compared to provide guidance to 
the industry [91, 93]. There is a clear need to improve the PEI 
number so that it can be correlated to the Enhanced D6730 
and so that the coefficients for each grouping can be clearly 
separated up through at least C15.

The authors of the previous work also created a new PEI 
equation to try to capture the impact of ethanol for a cold start 
condition, with the effort to try to improve the correlation of 
the PEI equation to engine-out emissions [93]. The evaporative 
cooling due to high heat of evaporation of ethanol during cold 
ambient temperature to fully warm up in engine cylinder 
combustion could substantially affect the vaporization of all 
the fuel species. The cooling effect is dominating when the 
vehicle is in the cold start and transient phase. Once the engine 
is warmed up and operating in closed-loop phase, all those 
effects are minimized. Therefore, ethanol contribution to 

 FIGURE 8  Relationship between PMI and measured PN on an FTP-75 cycle (weighted); 2.4-L GDI vehicle, 10 test fuels (7 market 
fuels from across the United States, 2 modified market fuels, and 1 test fuel) [68].
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particulate emissions is largely in the early stage of vehicle 
operations. Those new equations are represented as follows:

	
PEI

at C
MOD

7

13

� � �
�� �

� �
�
�
i

iAr Ci
VP EtOH

V EtOH
1

60
%

	
Eq. (4)

where 
i

iAr Ci
�
� �

7

13

 is defined as C C C C C7 2 5 8 14 1 9 11 6 10 17 7 10

100

� � � � �� �. . . . .

The paper provides a data set as an example of the 
improvement in a PEI modified equation for cold start, demon-
strating that the correlation improves with this equation.

4.1.2.3. VUV PMI and VUV PMI A*. A modified version of 
ASTM D8071 was used to calculate a VUV PMI and a VUV 
PMI A*, which is a variation of the PMI concept [71]. The output 
data from ASTM D8071 include hydrocarbon group type totals 
of paraffins, isoparaffins, olefins, naphthenes, and aromatics. 
Benzene, toluene, ethylbenzene, xylenes, isooctane, naphtha-
lene, methylnaphthalenes, methanol, and ethanol are also 
included in the modified output scope. Results are reported in 
mass percent and volume percent. The standard ASTM D8071 
method report has been modified to break out the hydrocarbon 
group type totals by carbon number bins from C3 to C15 for 

the purpose of VUV PMI and VUV PMI A* calculations 
[71, 94]. C2-naphthalenes and biphenyl are also reported. No 
modifications were made to the ASTM D8071 gas chromato-
graphic parameters. From the overall method, only the D8071 
data reporting has been changed.

VUV PMI and VUV PMI A* are calculated from the DBE 
and the vapor pressure of each reported D8071 analyte and class-
based DBEs and vapor pressures. The DBE of olefins and naph-
thenes were set to 1 and mono-aromatics are set to 4. Naphthalene 
(reported individually), methylnaphthalenes (group), and 
C2-naphthalenes (group) are di-aromatics with a DBE of 7. 
Biphenyl is a di-aromatic (reported individually) with a DBE of 
8. The vapor pressure of each hydrocarbon group-type carbon 
number bin was assigned an average for each carbon number 
based on the representative compounds from the DHA database.

VUV PMI is calculated using ethanol, the individual 
species, and all the hydrocarbon group types. VUV PMI A* 
is calculated using only the mono- and di-aromatic results.

4.1.2.4. National Renewable Energy Laboratory Index 
and Related Work. Although the previously discussed 
emissions indices have been successfully applied to a wide 
range of fuel compositions, some reduction in predictive 
quality has been noted for fuels with a high weight percent of 
oxygenated components. Ratcliff et  al. investigated how 

 FIGURE 9  PN emissions vs. indices reported by Wittmann and Menger [90].
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interactions of ethanol with aromatic compounds affected 
aromatics evolution during gasoline evaporation and how this 
could affect particle emissions from a single-cylinder direct-
injection engine [34]. These researchers used an aliphatic base 
fuel and blended in ethanol with specific individual aromatic 
compounds: isopropyl benzene (cumene), p-methyl isopropyl 
benzene (p-cymene), and 4-t-butyl toluene. Dilution of the 
aromatics in gasoline by blending ethanol is expected to reduce 
PM. However, the results showed that a combination of etha-
nol’s higher evaporative cooling and impact on aromatic 
compound vapor-liquid equilibrium could extend droplet 
lifetime and cause aromatics to evolve later in the droplet 
evaporation process than would be the case without ethanol. 
At high engine speed—where time for heat transfer and mixing 
is limited—ethanol blending caused an increase in PM emis-
sions for the lowest-vapor-pressure aromatic. Although not 
evaluated in this study, similar results might be expected for 
blends with other high-heat-of-vaporization (HOV) materials 
such as methanol, isopropanol, n-propanol, and isobutanol. 
The PM emissions from Ratcliff et al. were not well correlated 
with PMI, but could be correlated with a model that included 
ethanol content, aromatic content, aromatic vapor pressure at 
443 K, and aromatic compound YSI (recall these fuels 
contained only a single aromatic compound) [34]. More gener-
ally, because the PMI is based on a weighted linear sum over 
the contributions from each fuel component, it cannot capture 
interactions between fuel components affecting PM formation 
due to changes in bulk fuel properties.

To address these points, researchers from the National 
Renewable Energy Laboratory (NREL) developed an emis-
sions index based off the DHA and bulk fuel properties from 
the data of Butler et al. [95, 96], an extensive database of soot 
formation from 27 different fuel blends (including up to 
40 mol % ethanol) in 15 vehicles. A resulting emissions index 
was found via regularized linear regression to find the most 
important fuel properties in predicting PM formation [97]. 
Bulk fuel properties, including density, vapor pressure, and 
distillation temperatures, were combined with mole-weighted 
component properties, including the YSI, molecular weight, 
heat of vaporization, and vapor pressure at 443 K. The resulting 
index included three terms—the density, temperature at 70% 
distillation, and a combined component-level sooting 
propensity term:

	 log ~
,

,

PM
K

a bT c
YSI H

P
x

i

i vap i

vap i

i� � �
� ��70
443

�
	 Eq. (5)

where a, b, and c are fitted slope parameters. This equation 
provided a strong correlation (r2 = 0.85) for the data of Butler 
et al. [95, 96], as well as earlier single-cylinder engine data 
of Ratcliff et al. (r2 = 0.91) [33]. The combined component-
level term closely resembles the PMI regression, but with YSI 
replacing the DBE + 1 descriptor and an additional contribu-
tion from the heat of vaporization. The resulting emissions 
index is also able to capture the effects of bulk changes in 
density or distillation phenomena. Despite its flexibility, 

NREL’s data-derived emissions index requires both a full 
DHA and distillation curve (in addition to density measure-
ments) to predict relative sooting tendency. Additional 
experimental work to correlate fuel composition with PM 
emissions may therefore reveal alternative properties that 
can similarly be incorporated into future emissions indices.

4.1.2.5. Particulate Matter Emissions Index. Crawford 
and Lyons evaluated several PM and soot indices to determine 
their efficacy in predicting PM emission trends in the first 
phase of the LA92 driving cycle [82]. The original PMI was 
found to perform well when the evaluated fuels had the same 
ethanol content. However, an ethanol “bias” was noted when 
the PMI was applied to fuels of varying ethanol content; PM 
emissions from ethanol blends were consistently greater than 
non-oxygenated fuels of the same PMI.

To address this bias—and therefore broaden the range of 
fuels to which the index could be applied—work was under-
taken to examine alternative mathematical formulations to 
the original PMI [127]. Two emission data sets were used for 
this activity: The EPAct data set as described in Butler et al. 
[96] and a more recent data set from the Coordinating 
Research Council (CRC) E-94-2 project [98]. The former was 
used to determine PFI-specific coefficients for the new formu-
lation, and the latter was used to determine the GDI-specific 
coefficients. The E-94-2 GDI data benefited from the fact that 
the test fuels had been analyzed using the new enhanced DHA 
method [11]. The EPAct fuels had been analyzed using an older 
DHA method; the relative lack of heavy aromatic information 
complicated the determination of the GDI coefficients. Similar 
to the process described for the NREL Index above, a series 
of regression analyses were performed to develop the new 
formulation. The result was the Particulate Matter Emissions 
Index, PME:
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The NTECH is a normalization term that causes PME and 
PMI values to coincide at an index value of 1.00 and differs 
for GDI and PFI technology. The yTerm in the numerator 
represents a statistical approximation of the YSI value, i.e., 
the sooting potential of individual fuel components. This term 
can be determined by users without reference to measured or 
calculated YSI values. The α exponent in the 1/VP term 
depends upon the fuel’s ethanol content and differs substan-
tially between GDI and PFI technologies. This term can 
be modified to accommodate oxygenates other than ethanol. 
The β exponent can be adjusted to accommodate DHAs of 
varying technology.

Studies are now underway to validate the PME using fresh 
data sets unrelated to PME development. Preliminary results 
indicate the PME to be a better predictor of emission trends 
than the PMI across a variety of fuels. These early data are 
also providing clues that will lead to further enhancements 
of the index.
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4.2. �Indices Based on Bulk 
Fuel Properties

4.2.1. Particulate Matter Index Correlation 
(PMIC) Developed by Lemaire et al. in 2019, the PMIC [99] 
incorporates the fuel equivalent sooting index (FESI) as well 
as lower heating value (LHV) and HOV. The FESI [100] is 
based on the peak soot volume fraction measured by laser-
induced incandescence of the target fuel in a diesel surrogate 
burned in turbulent spray flame. It can be measured for indi-
vidual fuel components and then combined for a mixture as 
the mole-weighted average or could be measured for the bulk 
fuel. The PMIC equation (Equation 5) has demonstrated good 
results for blends of C4 oxygenates into a four-component 
gasoline surrogate. It failed, however, when applied to blends 
containing acetone. The use of LHV and HOV as input prop-
erties is interesting and has a physical rationale. As the 
equation shows, fuels with lower LHV have increased PMIC 
values. This may be because achieving the same engine load 
with a lower-LHV fuel versus a higher-LHV fuel requires a 
longer fuel injection duration. In a direct-injection engine, 
this may lead to a greater fraction of the fuel spray impinging 
on internal engine surfaces such as the piston, hindering fuel 
evaporation and creating fuel-rich regions that can generate 
PM. Higher-HOV fuels have higher PMIC, potentially, because 
if there is fuel spray impingement, higher-HOV fuels will 
be  slower to evaporate as more energy is required, again 
leading to fuel-rich regions and PM formation.

	PMIC FESI LHV HOV Cbase fuel� � � ��� ���� ��
�exp . . .2 34 3 74 1 19 100 	

Eq. (7)

where Cbase-fuel = FESI2.34 × LHV−3.74 × HOV1.19 evaluated for 
the base fuel without the oxygenated blendstock.

4.2.2. Particle Number Index Leach et al. [41, 101] de-
veloped the PNI (with units of kPa−1) as a modification of the 
PMI so that it might be applied without having to conduct 
DHA, which is not typically undertaken for gasolines. The 
PNI is a simplified metric to evaluate the propensity of a fuel 
to emit PM (specifically PN) from a GDI engine, and it takes 
the following form:

	 PNI
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In the PNI, the DBE is calculated for each subset of compo-
nents in the gasoline (typically split out in the industry-standard 
ASTM D1319 [43] test into aromatics [DBE  =  4], olefins 
[DBE = 1], and saturates [DBE = 0]) by volume (Vi) in the typical 
PIONA analysis. PIONA analysis is accomplished with tech-
niques that do not require full DHA. Standardized methods 
have been developed that utilize specialized GC instruments 
with multiple chromatographic columns, traps, and switching 
valves that isolate hydrocarbons by class for quantification [87, 
102]. These allow for more rapid analysis times and more 

simplified data evaluations [103]. The results of these techniques 
provide abundances of compound classes by carbon number, 
similar to those derived from DHA, but lack the level of detail 
as individual components are not resolved and identified. DVPE 
with units of kilopascal (kPa) is the European standard for 
vapor pressure measurement of gasolines [104].

The PNI has been shown in multiple studies [90, 105, 106] 
to be able to successfully predict PN emissions from GDI 
engines when restricted to market fuels, although typically 
with lower accuracy than other indices (notably the PMI). On 
the other hand, except for the sPMI (see Section 4.2.5), it relies 
on the least onerous (or expensive) and most commonly avail-
able input data. Making assumptions about the correlation of 
these parameters to more detailed fuel characteristics leads 
to the PNI being less useful for specialist test fuels, which 
deviate substantially from market-representative fuels.

4.2.3. Particulate and Soot Correlation Equation 
(PASCE) Chapman et  al. determined a PMI correlation 
equation using the carbon/hydrogen (C/H) ratio (ASTM 
5291) and the E170 point (ISO 3405)—the volume of fuel 
evaporated at 170°C. The rationale for the choice of these two 
variables was that “diffusion combustion would be a func-
tion of the vaporization of the fuel and the specific amount of 
carbon in the fuel” [107]. A correlation equation was deter-
mined through linear regression models:

       PASCE C H E� � � � �9 37 0 517 0 11994 170. . / . 	 Eq. (9)

4.2.4. Reduced Particulate Matter Index Reduced 
Particulate Matter Index (RPMI) was developed by Wu et al. 
as a more practical alternative to PMI [108]. The index was 
developed utilizing the detailed analysis of 22 fuels as well as 
the fuel physical properties. A multivariate linear regression 
model was developed, and it was shown that T70 and T90 
were both significantly correlated with PMI. The final ver-
sion of the RPMI can be described using Equation 8. Addi-
tional independent variables were considered but not intro-
duced in the final linear regression model, as they weakened 
the correlation.

          RPMI T T� � � � �0 024 90 0 011 70 3 252. . . 	 Eq. (10)

4.2.5. Simplified Particulate Matter Indices 
(sPMI) Moriya proposed two variations of a “simplified” 
PMI based solely on distillation characteristics [109, 110]. 
Multiple bulk fuel properties were statistically tested for 
their ability to predict PN and PM emissions from a 2L tur-
bocharged direct-injection vehicle. The best two-factor cor-
relation was obtained with E130 (volume of fuel evaporated 
at 130°C) and E170, and E150 (volume of fuel evaporated at 
150°C) produced the best one-factor correlation. Empirically 
determined coefficients were added to produce a best-fit cor-
relation to the original Honda PMI.

	 sPMI v1 E E� � � � �9 9241 0 0324 130 0 0647 170. . . 	 Eq. (11)

                sPMI v2 E� � �7 8511 0 0757 150. . 	 Eq. (12)
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Crawford and Lyons [82] and Leach et al. [105] found that 
these indices produce a reasonable correlation with measured 
PM and PN, respectively, for “market-representative” fuels. 
However, the indices struggle with fuels exhibiting a wider 
range of properties. This behavior was attributed to the fact 
that these indices do not directly consider the hydrocarbon 
composition of the fuel; they rely upon an assumed relation-
ship between the disti l lation characteristics and 
fuel composition.

4.2.6. Simplified Particle Number Index 
(sPNI) The sPNI was developed by Wu et al. as a simplified 
way of calculating PMI [111]. The index utilizes four key fuel 
parameters to calculate PN as shown in Equation 11: T70, 
the final point, heavy aromatics content (>C9), and the ole-
fins content. Wu et al. tested 20 fuels from various areas at a 
range of typical operating modes and correlated PN with 
emissions during engine tests.

	
sPNI T HAC

FBP OC
� � � �
� � � � �
0 012 70 0 048

0 015 0 034 2 721
. .
. . . 	 Eq. (13)

where HAC is heavy aromatics content and OC is 
organic carbon.

5. �Summary and Future 
Work

This article discusses the many uses and needs for a calculated 
index that assesses a fuel’s propensity to produce particulate 
emissions when burned in a spark-ignition engine. In partic-
ular, these indices can be used as a tool to rate and rank fuels 
in terms of engine systems responses. The reference test fuels 
specified for emissions certification show a wide range of 
PM-forming tendencies across the world and, in some cases, 
from batch to batch. PM indices can be used to understand 
how these fuels are different and have potential for specifying 
fuels that have a consistent level of PM emissions. Similarly, 
given the rapid increase in RDE testing, which in some 
markets is conducted using market fuels, PM indices can 
be used to compare in-use market fuels to fuels used in vehicle 
certification. Along these lines, we recommend that a world-
wide market fuel PMI survey be  conducted to provide 
guidance for potential future specification of certification fuels 
and regulation or market fuels.

In this work, 16 indices linking fuel composition and 
properties to PM emissions have been identified, and these 
are summarized in Table A.3 in the Appendix. Five of these 
are based on DHA, whereas the others use distillation param-
eters and other properties, PIONA analysis not based on DHA, 
C/H ratio, and, in one case, a measured soot-formation 
tendency. Thus PM indices today can be divided into two types:

•• High-accuracy determinations that can be used for 
research and as reference or “referee” methods. To date, 
these are based on DHA but, in the future, could 

be based on the advanced analytical method that may 
prove to be lower cost. Such methods could be used to 
design fuels for fundamental research or in developing 
engine combustion systems and calibrations.

•• Methods that provide a reasonable correlation to the 
“high-accuracy” PMI method(s) under practical 
conditions. These are based on one or more relatively 
easy-to-measure bulk properties, such as distillation 
characteristics, and may use much less resource-
intensive chemical analysis methods. These PMI 
estimation methods could be used for routine purposes 
at refineries or within the fuel distribution system, or 
possibly to regulate fuels and limit PM.

A critical knowledge gap for future studies is a lack of 
large data sets with widely varying fuel properties and publicly 
available DHA that could be used to reveal alternative proper-
ties and to formulate an improved index, potentially elimi-
nating the need for DHA. As future studies of gasoline effects 
on PM emissions are developed and published, authors, peer 
reviewers, and editors should recognize that the details of 
those studies should be  made publicly available with the 
published work, and specifically publishing the details of the 
fuel analytical chemical analysis from DHAs with the GC 
traces and calibration details. This is so that the data can 
be used for validation in future studies that may develop 
improved indices. Any new PMI must be validated using 
vehicle or engine emissions data that were not used in the 
development of the index. Simply comparing to other PM 
indices, as have been done in some prior studies, is insufficient. 
For this purpose, fresh data sets will be needed in which a 
variety of well-characterized market fuels are tested in a 
variety of engine types.

The development of improved indices of both types will 
require an improved fundamental understanding of how fuel 
chemistry and properties affect spark-ignition engine PM 
emissions, as well as improved analytical methodologies for 
high accuracy methods.

5.1. �Basic Research Needs
PM emissions are significantly increased when the fuel 
spray impinges on the piston or the cylinder wall, creating 
fuel films that can evaporate to form fuel-rich regions of 
the mixture or even burn as pool fires (diffusion f lames) 
that generate large amounts of soot [112, 113, 114]. Fuel 
properties including density, dynamic viscosity, and 
surface tension can impact the spray penetration length 
and injection duration and hence have a large impact on 
impingement [115, 116]. The values of these properties at 
the actual operating conditions of fuel injectors are largely 
unknown, a fact that inf luences both interpretation of 
experimental data and the ability to develop accurate spray 
simulations. Specific fuel properties related to spray 
impingement and f lash boiling are generally not yet explic-
itly included in PM indices. Improved spray simulations 
that can accurately predict key spray behaviors and capture 
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f luid f low and fuel evaporation during impingement are 
needed, along with improved models of soot formation 
over the range of conditions that can occur. Another factor 
that should be captured in simulations is f lash boiling and 
consequent spray collapse, which reduces fuel-air mixing 
and increases spray penetration. Flash boiling can occur 
for higher-volatility fuels, especially under throttled condi-
tions where manifold pressure may be below ambient [117, 
118, 119]. It will require considerable effort to develop a 
simulation approach for sprays in GDI engines that can 
be accurately applied to a wide range of conventional and 
alternative gasoline components including oxygenates. 
However, at this point in the development of GDI PM 
indices, this approach is more likely to yield new under-
standing than an empirical approach.

Current PM emission indices do not adequately consider 
factors arising from interactions of fuel components. One 
example of such an interaction would be a high-HOV compo-
nent (i.e., C1 to C4 alcohols) causing cooling that slows the 
evaporation of high-boiling aromatics. Because solutions of 
these alcohols in hydrocarbons are thermodynamically 
nonideal—their vapor-liquid equilibrium is not well 
described by Raoult’s law—there may be other effects such 
as suppression of aromatic evaporation until the alcohol is 
evaporated [120, 121]. There may be  other interactions 
affecting fuel evaporation as well [34]. Studies to understand 
these in more detail should be  conducted, and PMI 
approaches that can take these interactions into account need 
to be developed. Some studies are beginning to look at this 
area [97], but are hindered by a lack of adequately large and 
high-quality data sets. This could also include interactions 
in the actual combustion and soot precursor formation 
chemistry if these occur.

The PM indices in Table A.3 in the Appendix appear 
to rank fuels for particle mass and PN emissions equally 
(given the correlation between PM and PN). However, how 
fuels affect particle size distribution is largely unknown, 
and current PM indices provide no information on particle 
size. However, given the EU legislation’s focus on particle 
size (moving from 23 nm to 10 nm), this would be a useful 
area of future research. Clearly, fuel chemistry can affect 
the amount of soot formed and presumably the rate at 
which particles form. How this initial formation of nucle-
ation mode particles translates into the formation of accu-
mulation mode particles is an important area for 
future research.

Recent work has shown that GPFs are effective at control-
ling PN and PM emissions from GDI vehicles [32, 122]. 
Studies have also shown that the use of catalyzed GPFs can 
reduce PN as well as secondary organic aerosol formation 
[123] and can also improve conversion efficiencies for CO 
and NOx emissions under real-world conditions [124]. 
Although GPFs are not a focus of the current article, a 
number of studies have shown that oxygenates can increase 
the reactivity of particles trapped in a diesel particle filter 
[125, 126], reducing the light-off temperature during regen-
eration. The role of fuel chemistry in the performance of 
GPFs has not yet been investigated.

5.2. �Research to Improve 
DHA-Based Indices

5.2.1. Analytical Methods Current research on high-
accuracy PM indices has relied on DHA, which provides a 
great deal of detail but suffers from slow analysis times and 
requires a high level of skill to provide accurate and reproduc-
ible results. Additionally, current DHA methods do not accu-
rately identify the highest-molecular-weight aromatic 
compounds in gasoline, which may have an inordinately large 
impact on PM. Lab-to-lab variability can be substantial if 
great care is not taken to ensure peaks are correctly assigned 
by retention times. The inclusion of simultaneous MS analysis 
greatly enhances identification but increases analysis cost and 
complexity without reducing analysis time. An approach to 
improving the accuracy and precision of DHA measurements 
is the use of a comprehensive performance standard (for peak 
detection and retention time alignment) that includes ethanol 
and other oxygenates, and a broader range of aromatics in the 
GC calibration.

For the revised ASTM D6730 method (enhanced DHA), 
there has not been a formal inter-laboratory study for evalu-
ation of the repeatability and reproducibility of the method 
since it was added by ASTM. It is important to run this study 
to understand the range of variation in the output compound 
weight percent. This could lead to further improvements to 
the method. Additionally, this can help determine the lab-to-
lab variation in the calculated PMI or other PM indices based 
on DHA.

Laboratories use either proprietary software (such as 
Hydrocarbon Expert program or Dragon DHA) or in-house-
developed code to analyze the DHA data and calculate PMI. 
Each of these programs has a different method to list the 
compounds and may use different approaches to calculate 
vapor pressure. Thus a study that combines or compares data 
from different laboratories may find it challenging to do this 
on a consistent basis. We recommend the standardization of 
compound names and the order in which they are listed to 
facilitate integration. Software vendors and researchers should 
also be completely transparent on the source of data or estima-
tion for the vapor pressure values. A common approach for 
handling the vapor pressure of unidentified isomers would 
also facilitate comparison, but at a minimum, researchers 
should completely describe how this is handled. There is also 
variation in the percent of sample eluted from the GC column 
in various studies. This seems unavoidable in that it may take 
significant additional time to elute all high-boiling compo-
nents. Should DHA methods be used for research to inform 
regulations, the percent of sample analyzed should be fixed 
for all samples (by clearly stating the percentage of the 
sample identified).

A primary research direction in the coming years will 
be to develop indices where DHA is replaced by a less-costly 
method that provides much of the same information. This 
includes the GC-VUV methods and GC  ×  GC methods 
described in this article. Another approach to improve effi-
ciency is to focus only on the highest boiling components in 
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the gasoline, which are primarily responsible for PM forma-
tion and the calculated PMI value. For example, only charac-
terizing the 90% boiling fraction, using DHA or another 
method, would focus efforts on a smaller number of 
compounds, potentially reducing analysis times. Alternatively, 
the analysis could focus on an aromatic fraction removed from 
the gasoline by extraction, chromatography, or other methods.

5.2.2. Improving PMI Although imperfect, the original 
Honda PMI has been very successful at ranking fuels for the 
PM formation tendency in spark-ignition engines. Thus, it 
seems likely that research to improve DHA-based methods 
will focus on the analytical chemistry, as well as making 
modifications to PMI to improve fidelity. A major focus will 
be on improving the ability of a PMI-like index to accom-
modate ethanol and other high-HOV alcohols; as previously 
detailed, St. John [97] and Crawford [127] are already mak-
ing progress in this area. Additionally, corrections for den-
sity, cold-start versus hot-start emissions, and other factors 
should be investigated.

5.3. �Research to Improve Bulk 
Property-Based Indices

Indices that are based on bulk fuel properties rather than 
DHA can be calculated at a fraction of the cost of DHA-based 
indices. Bulk property-based indices are needed for use when 
blending fuels in the fuel distribution system, and potentially 
for regulatory purposes. Some of these indices have shown 
that good predictions of PM emissions can be made with 
extremely limited information (only one distillation param-
eter in the case of the Moriya E150 index). In general terms, 
the accuracy and utility of such indices break down when they 
are used outside of market-type fuels or, in some cases, with 
high levels of oxygenates, where the input parameters to these 
indices end up being an oversimplification of a fuel’s tendency 
to form PM.

To date, these indices have been based largely on distil-
lation parameters, but C/H ratio, LHV, HOV, DVPE, and 
measured soot-formation tendency have all been used. With 
one exception, these methods have largely been purely 
empirical (the exception being the PNI, which is based on 
the same underlying theory as PMI but uses a non-DHA-
based PIONA analysis). Although today we have DHA-based 
and largely bulk property-based indices, future indices may 
include aspects of both, using less-costly methods than 
DHA to provide the same or similar chemical information. 
Some of these are analytical chemistry methods that focus 
only on the aromatic compounds or focus on a surrogate 
property that aligns with the aromatic portion of the fuel. 
Approaches discussed previously for analyzing only the 
highest-boiling fractions may play a role. A better under-
standing of how fuel physical properties—measured at 
actual engine conditions—impact soot formation should 
be leveraged to develop theoretical concepts for bulk prop-
erty-based indices.

5.4. �Summary
In this work, we have reviewed the development of PM indices 
over the last decade, which has yielded substantial research 
interest and effort in this area. Many of these indices are now 
mature, and some (notably the Particulate Matter Index) are 
in widespread use. As PM indices reach the final development 
stage, they should be codified with an organization such as 
ASTM International, European Standards (EN), or the 
International Organization for Standardization. This would 
involve the submission of intra- and inter-laboratory PMI 
results, thereby establishing repeatability/reproducibility for 
the entire determination. Such an overall assessment of preci-
sion is needed given that multiple analytic methods are 
required for some indices. This would then enable these 
indices to play a role in future legislation, particularly impor-
tant for RDE, and ultimately enable further PM emissions 
reductions. Such a change would not only reduce PM emis-
sions from new vehicles but also from the existing f leet 
on-road today.
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Definitions/Abbreviations
ASTM - ASTM International, formerly known as the 
American Society for Testing and Materials
C/H - carbon/hydrogen ratio
DBE - double bond equivalent
DHA - detailed hydrocarbon analysis
DPF - diesel particulate filter
DVPE - dry vapor pressure equivalent
EC - elemental carbon
EN - European Standards
EU - European Union or Euro
EXX - temperature at which a certain volume % fuel is evapo-
rated, for example, E100 is 100°C
FBP - final boiling point
FESI - fuel equivalent sooting index
FID - flame ionization detection
FTP - U.S. Federal Test Procedure
GC - gas chromatography
GDI - gasoline direct injection
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GPF - gasoline particulate filter
HAC - heavy aromatic content
HOV - heat of vaporization
ISO - International Organization of Standardization
LEV - low emission vehicle
LHV - lower heating value
MS - mass spectrometry
MW - Menger/Wittmann
NREL - National Renewable Energy Laboratory
OESI - oxygen-extended sooting index
PAH - polycyclic aromatic hydrocarbon
PASCE - particulate and soot correlation equation
PEI - particulate evaluation index
PEMS - portable emissions measurement system
PFI - port fuel injection
PIONA - paraffins, isoparaffins, olefins, naphthenes, 
and aromatics
PM - particulate matter
PMI - particulate matter index
PMIC - particulate matter index correlation
PMP - Particle Measurement Programme
PN - particle number
PNI - particle number index
POA - primary organic aerosols
RDE - Real Driving Emissions
RPMI - reduced particulate matter index
sPMI - simplified particulate matter index
sPNI - simplified particle number index
SULEV - Super ultra-low emission vehicle
T10 - temperature at which 10% of a fuel has evaporated
T70 - temperature at which 70% of a fuel has evaporated
T90 - temperature at which 90% of a fuel has evaporated
T95 - temperature at which 95% of a fuel has evaporated
TSI - threshold sooting index
ULEV - ultra-low emission vehicle
VUV - vacuum ultraviolet
WLTP - Worldwide-Harmonized Light Vehicle Test Procedure
YSI - yield sooting index
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Appendix
TABLE A.1 Global PM standards for gasoline vehicles (all values converted to mg/km).

Standard Year EU GDI
U.S. 
Federal CARB

Japan 
Stoich. GDI

Japan 
Gasoline

China 
Gasoline Brazil

India 
Gasoline

Tier 0 1987 0.1243

Tier 1 1994 0.0497

LEV II/Tier 2 2004 0.0497 0.0062

Euro 5/Post New 
Long-Term 
Standards/L5-6

2009 0.0050 0.0124 0.0062 0.0050 0.0500

Euro 5b 2011 0.0045 0.0124 0.0062 0.0050 0.0500

LEV III 2015 0.0045 0.0124 0.0062 0.0050 0.0250

CN5 2016 0.0045 0.0124 0.0062 0.0050 0.0045 0.0250

Tier 3/Euro 
6dTemp BSIV

2017 0.0045 0.0019 0.0019 0.0050 0.0045 0.0250

Euro 6d/CN6a / 
BSVI

2020 0.0045 0.0019 0.0019 0.0050 0.0050 0.0045 0.0250 0.0045

CN6b/L7 2023 0.0045 0.0019 0.0019 0.0050 0.0050 0.0030 0.0060 0.0045©
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TABLE A.2 Global PN standards for gasoline vehicles (all values converted to #/km).

Standard Year EU—GDI China—Gasoline India—Gasoline
Euro 6b 2014 6.00E+12

Tier 3/Euro 6dTemp BSIV 2017 6.00E+11

Euro 6d/CN6a/BSVI 2020 6.00E+11 6.00E+11 6.00E+12

CN6b/L7 2023 6.00E+11 6.00E+11 6.00E+11
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TABLE A.3 List of PM emissions indices.

Abbreviation Equation Reference
Indices needing DHA
PM Index (2010) PMI

  

+
= ×component

443K

1
PM

DBE
Wt

VP
[65]

Menger/Wittmann Index 
(2017)

MW

=

⋅∑
14

1i

Ra Ge
[90]

Particulate Evaluation Index 
(2016)

PEI ( ) ( ) ( ) ( )( )+ × + × + × + × + +C7 2.5 C8 5.8 C9 4.8 C10 35.3 C11 C12 C13

100

where C# is the volume percent aromatics at the stated carbon number

[92]

Modified Particulate 
Evaluation Index (2021)

PEIMOD

( ) ( )
=

= × +
°∑

13

MOD

7

1
PEI %

at60 C
i

i

Ar Ci V EtOH
VP EtOH

[93]

St. John (2019)
( )ρ ∆

+ + ∑ ,
70

,

logPM ~
443K

i vap i
i

vap ii

YSI H
a bT c x

P
[97]

Crawford (2021) PME

( ) β
α=

 ⋅   = ⋅ ⋅ 
    

∑43.4 %
PME

LHV
i i

TECH f EtOH
ii

wt yTerm
N

VP

[127]

Wu et al. (2020) sPNI sPNI = 0.012 × T70 + 0.048 × HAC + 0.015 × FBP − 0.034 × OC − 2.721 [111]

Simpler indices (not needing DHA)
Lemaire et al. (2019) PMIC PMIC = exp([FESI2.34 × LHV−3.74 × HOV1.19 − Cbase-fuel] × 100) [99]

PN Index (2012) PNI

( )
=
 + ∑ 1

1

kPa

n

i i
i

DBE V

DVPE

[101]

Moriya (2016) sPMI v1 = 9.9241 − 0.0324 × E130 − 0.0647 × E170 [110]

Moriya E150 (2016) sPMI v2 = 7.8511 − 0.0757 × E150 [110]

Particulate and Soot 
Correlation Equation

PASCE PASCE = 9.37 + 0.517 × C/H − 0.11994 × E170 [108]

Reduced PM Index (2019) RPMI 0.024.T90 + 0.011.T70 − 3.252 [108]

Chemical Soot Formation Indices
Oxygen-Extended Sooting 
Index

OESI  = + + + × × 
OESI

12.011 4 1.008 2 15.999
fuel C H OMW Wt Wt Wt

A B
SP

where A and B are constants, MWfuel is the average molecular weight of 
the fuel, SP is smoke point, and WtC, WtH, and WtO are the weight 
percentages of carbon, hydrogen, and oxygen in the fuel, respectively.

[128]

Threshold Sooting Index TSI  = + 
 

TSI
MW

a b
h

[54]

Smoke Point SP ASTM Method D1322-18 [59]

Yield Sooting Index YSI ( ) −
= − × +

−
, , , ,

, , , ,

v max i v max B
i A B B

v max A v max B

f f
YSI YSI YSI YSI

f f

where fv,max is the maximum soot volume fraction

[60]
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