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Abstract: The purpose of this experimental study was to evaluate the range of particulate mass (PM)
and particulate number (PN) results from gasoline direct injection (GDI) vehicles by using four test
fuels with a range of particulate matter index (PMI) from 1.38 to 2.39 and particulate evaluation index
(PEI) from 0.89 to 1.92. The properties of four test fuels were analyzed with detailed hydrocarbon
analysis (DHA). Two passenger cars with a GDI engine were tested with four test fuels by conducting
the China 6 test procedure, which is equivalent to the worldwide harmonized light-duty vehicle test
procedure (WLTP). When the fuels could meet the China 6 primary reference fuel standard with PMI
from 1.38 to 2.04 and PEI from 0.89 to 1.59, the PM variation of Vehicle B was from 1.94 mg/km to
3.32 mg/km and of Vehicle A was from 2.55 mg/km to 4.15 mg/km, respectively. In addition, the PN
variation of Vehicle B was from 1.57 × 1012 #/km to 3.38 × 1012 #/km and of Vehicle A was from
3.02 × 1012 #/km to 4.80 × 1012 #/km. It was noted that the two different cars had a unique response
and sensitivity by using the different fuels, but PMI and PEI did trend with both the PM and the
PN response. All PM and PN results from the two cars had an excellent correlation R2 > 0.94 with
PMI and R2 > 0.90 with PEI. Therefore, PMI/PEI would be the appropriate specification for sooting
tendency in reference fuel standards of emission regulations.

Keywords: particulate mass; particulate number; primary reference fuel; particulate matter index;
particulate evaluation index; worldwide harmonized light-duty vehicle test procedure

1. Introduction

Reference fuel standards are defined by a relatively narrow range of specifications, in contrast to
market fuel standards in vehicle emissions and fuel economy regulations, which aim to improve
the repeatability and reproducibility of vehicle type approval (TA), conformity of production
(COP), and in-used conformity (IUC) [1,2]. The specifications of reference fuel standards are part
of vehicle emission/fuel economy regulations and are revised along with regulation upgrades.
The reproducibility of TA, COP and IUC needs to be well managed, otherwise it would cause a potential
risk to emission compliance. Previous studies showed that the framework of reference fuel could
present very good repeatability and reproducibility with conventional gaseous pollutants such as
carbon oxide (CO), hydro carbon (HC), and nitrogen oxide (NOx) [3]. Some key parameters which can
be attributed to particulate emission have been strictly controlled in China 6 emission standards and
would have a limited impact, e.g. sulfur content <10 ppm [4] and Mn content ≤2 ppm [5,6]. However,
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the China 6 reference fuel framework has carried over the previous one for more than a decade lacking
an appropriate specification that has a strong correlation with PM and PN results.

The new vehicle emission regulations around the world urged more stringent particulate emission.
The EU introduced a significant reduction in PN from 6 × 1012 #/km by Euro 6b to 6 × 1011 #/km
by Euro 6c [7]. PM2.5 is a major health concern in China and motor vehicles contribute to 10%–50%
of PM2.5 in megacities of the Chinese east coast [8]. Particulate emissions from gasoline engines are
comprised of carbon soot, sulfates, ash, and soluble organic fraction (SOF) of unburned fuel [9].
As one of the counter measures, China developed the China 6 emission regulation with a phase-in
approach and requested that all light duty vehicles be compliant with PN at 6 × 1011 #/km and
PM at 4.5 mg/km for China 6a and 3.0 mg/km for China 6b. Before July, 2020, a transition limit of
6 × 1012 #/km should be applied for PN [10]. Furthermore, the EU and China also introduced the real
driving emission (RDE) requirement for NOx and PN. U.S. emission regulations historically did not
regulate PN, but Tier 3 requested very stringent emission of PM at 3 mg/mile phase-in, starting from
2017 model year nationwide and 1 mg/mile phase-in starting in 2025 in some states [11]. All of these
upcoming regulations present big challenges to manufacturers for emission compliance, and have also
increased the awareness of all factors contributing to vehicle tailpipe emission, especially the influence
of fuel.

Various studies indicated that there are some other indices linking the measures of aromatic
content and vapor pressure and having an excellent correlation between fuel composition and PM
and PN emissions [12]. PMI was developed by Aikawa et al. from Honda as a predictive model
of particulate emissions related to fuel properties and correlated with actual engine-out emission
results [13]. PMI is given by the following equation as:

PMI =
n

∑
i=1

I[443K] =
n

∑
i=1

(
DBEi+1

V.P(443K)i
× Wti

)
(1)

where Wt is the weight fraction of an identified constituent molecule within a fuel sample, DBE is
double bond equivalence and achieved by detailed hydrocarbon analysis (DHA) from American
society for testing and materials (ASTM) standard D6729, n is the total number of compounds in the
fuel, and V.P (443 K) is the vapor pressure at 443 K. The significant paper took into account V.P at 443 K
of the gasoline range and DBE of all compounds in gasoline. The result was obtained by the DHA
method [14–16]. PEI was developed by Chapman et al. from General Motors and has an excellent
correlation R2 = 0.93 with PMI, which focuses more on just aromatics instead of the whole spectrum
of molecules [17]. The calculation involved the use of a regression equation based on the aromatics
from the fuel, and was derived based on various fuel data sets in comparison with the PMI number.
Both indices provide an indication of sooting tendency and are widely used by the industry as a metric
to understand the impact of fuel on sooting.

This study further investigated the impact of PM/PN emissions by PMI/PEI variations in the
reference fuel over a legislative drive cycle, which is also a research hotspot for academia, the industry
and the government. In this experimental setup, four test fuels were synthetized with different blending
compounds to have a linear PMI range from 1.38 to 2.39 and PEI from 0.89 to 1.92. One sport utility
vehicle (SUV) and one multi-purpose vehicle (MPV) with a GDI engine were tested by conducting the
China 6 type I test procedure, which is equivalent to the worldwide harmonized light-duty vehicle
test procedure (WLTP), to evaluate the range of PM and PN results. Moreover, four test fuels were
analyzed by DHA and PIONA (basic data from hydrocarbon analysis of paraffins, iso-paraffins, olefins,
naphthenes, and aromatics). The compounds in the fuels which would significantly contribute to the
PEI/PMI value were investigated. Afterwards, the PM and PN results were presented and correlated
with fuel properties.



Atmosphere 2019, 10, 111 3 of 12

2. Experimental Setup and Test Procedure

2.1. Fuels

The four test fuels were synthetized by local refiners and filled into a 5 Liter container. To ensure
that PMI and PEI can represent the range of market fuel, Fuels A, B, C and D were well designed
to blend with different blending compounds in order to have a linear PMI and PEI distribution [18].
Before shipping them to the test lab, the fuels were sampled and tested. Before the vehicle emission
test was conducted, the fuels were analyzed by DHA and were compared with the primary reference
fuel standard of the China 6 emission standards, which was defined by Annex K of the Chinese
national standard GB 18352.6-2016 [10]. The key specifications of the test fuels and the China 6 primary
reference fuel and market fuel requirements are in Table 1. It can be noted that Fuels A, B and C could
meet the China 6 primary reference standards and market fuel standards but Fuel D had a higher final
boiling point (FBP).

Table 1. Key specifications for test fuels, China 6 primary reference fuel and market fuel standards.

Specification Unit Fuel A Fuel B Fuel C Fuel D
China 6 Primary
Reference Fuel

Standard

China 6 Market Fuel
Standard

Density kg/m3 740 740 745 744

735–755
(RON92–94)

745–760
(RON95–98)

720–775

Research Octane
Number
(RON)

Unit 93.47 93.65 93.73 90.54 RON92–94
RON95–98

≥89 (#89)
≥92 (#92)
≥95 (#95)

Reid Vapor Pressure
(RVP) kPa 57.5 56.0 57.0 56.0 56–60 45–85 (1st Nov.–30th Apr.)

40–65 (1st May–31st Oct.)
Sulfur ppm 1 <1 <1 1 ≤10 ≤10

Mn mg/L <1 <1 <1 <1 ≤2 ≤2
Pb mg/L <1 <1 <1 <1 ≤5 ≤5
Fe mg/L <1 <1 <1 <1 ≤10 ≤10

T10 ◦C 58 58 57 57 50–65 ≤70
T50 ◦C 92 93 92 95 90–105 ≤110
T90 ◦C 153 160 162 175 150–165 ≤190
FBP ◦C 191 198 200 216 190–200 ≤205

Aromatic Vol% 28.3 28.8 30.8 31.2 27–32 (RON92–94)
30–35 (RON95–98) ≤35

2.2. Test Vehicle

One SUV with a 1.5 turbo charged GDI engine and one MPV with a 2.0 turbo charged GDI engine
were selected because this type of engine would emit more particulate emission than a port fuel
injection (PFI) engine [19–21]. These vehicles were engineered and type-approved to comply with the
China 5 emission standards which are equivalent to the Euro 5 ones. The technical specifications are
listed in Table 2.

Table 2. Vehicle specifications.

Technical Specifications Vehicle A (SUV) Vehicle B (MPV)

Displacement 1490 cc 1998 cc
Fuel Injection Direct Injection Direct Injection

Boost Turbocharger Turbocharger
Power 124 kW 191 kW

Cylinder/Valves 4/16 4/16
Transmission 7 DCT 6AT

Curb mass 1575 kg 1878 kg
Fuel consumption at New

European Driving Cycle (NEDC) 6.6 L/100 km 8.8 L/100 km
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2.3. Test Apparatus

Testing was performed in a China6/Euro 6 capable climate-controlled test lab on a 44-inch
single-roll chassis dynamometer. A Horiba MEXA-7400LE gas analyzer system was used to measure
the exhaust gas composition collected through a constant volume sampling (CVS) system. PN was
measured through a particulate measurement programme (PMP) system in accordance with the
China 6 emission standard. A HORIBA MEXA-1000SPCS was used to count PN. Before the HORIBA
MEXA-1000SPCS counted PN, volatile particles were removed by a volatile particle remover (VPR),
and the solid particle counting system (SPCS) only counted the number of solid particles. PM was
measured by the filter gravimetric method: Four 47 mm diameter fiberglass filters were applied in
a WLTP test. PM measurement was not made through the VPR, so both volatile and solid particle mass
was captured by the filters and measured by analytical balance later on. A schematic of the chassis
dynamometer with measurement devices is in Figure 1.

Figure 1. Chassis dynamometer and exhaust gas measurement device.

2.4. Test Procedure

The experimental test was initiated following the standardized China 6 test procedure.
During soaking, the test vehicle was charged and tire pressure was adjusted accordingly. What is more,
the same driver was assigned to conduct the experiments, to reduce other effects to the results.

The key phase was the replacement of experimental fuel. The vehicle was driven until all existing
fuel in the tank was drained. Afterwards, the vehicle was refueled with 5 Liters of test fuel and then the
fuel was drained on the dynamometer. This fuel changing cycle was repeated twice. Before conducting
the type I test of China 6, the vehicle was filled with 15 Liters of test fuel, which was estimated to
be adequate for at least three complete WLTP tests. Each fuel was used for dyno tests at least two
times, with a standardized soaking in between. The China 6 test procedure with low, medium, high,
and extra high phases was used for test setting. The complete test setting flowchart is in Figure 2.
In the next section, the test result for each fuel will be documented.
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Figure 2. Flowchart for the test procedure.

3. Results and Discussion

3.1. Fuel Properties

Table 3 and Figures 3–5 present the particulate indices from DHA analysis, PIONA analysis and
the distillation curve on the four test fuels. The PMI and PEI values were calculated based on DHA
analysis (see Table 3).

Table 3. Particulate matter index (PMI) and particulate evaluation index (PEI) values from the
sample sets.

Fuel A Fuel B Fuel C Fuel D

PMI 1.38 1.60 2.04 2.39
PEI 0.89 1.22 1.59 1.92

PIONA (paraffins, iso-paraffins, olefins, naphthenes, and aromatics) separates the fuels into
individual compounds and identifies them by carbon number, except when only one species is present
(e.g., benzene, etc.). The compound group amounts per carbon number were calculated by addition of
the single compound of one group.

From the data shown in Figure 3, it can be seen that Fuels A and C had the lowest mass content of
paraffins. There was no obvious difference in the content of olefins among the four fuels. The content
of iso-paraffins decreased progressively from Fuel A to D. It should also be noted that the content of
naphthenes decreased significantly from Fuel A to D. In addition, the content of aromatics increased
progressively from Fuel A to D. It is clear that the aromatic content was positively correlated with the
PMI/PEI index.
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Figure 3. PIONA (paraffins, iso-paraffins, olefins, naphthenes, and aromatics) analysis results.

More detailed aromatic mass content data is shown in Figure 4. The content of total aromatic
hydrocarbons increased from Fuel A to D. It has to be noted that the most significant among the four
fuels was the content decreasing from carbon number 7 compound (C7) to C11. When looking further
into each carbon number group of C9, C10 and C11, the content progressively increased form Fuel A
to Fuel D. The content of the C8 aromatic remained the same level among the four fuels, but toluene
(C7) significantly decreased from Fuel A to D. The experimental results showed that heavy aromatic
(C9 and above) content was significantly positively correlated with the PMI/PEI value. This was
consistent with a referenced study that stated that heavy aromatics are major contributors in PEI [17].

Figure 4. Aromatics content with different carbon numbers and total aromatic hydrocarbons.

The difference in aromatics is further illustrated in the following distillation curve in Figure 5.
As can be observed, the differences in distillation among the four test fuels appeared after T50
(the temperature of 50% of distilled volume). T70 and T90 of Fuel A had the lowest temperature
and Fuel D had the highest one after T50. This was observed from the above DHA data that Fuel D
presented the highest content of heavy aromatics and fuel A had the lowest one. It was also seen by
the PEI value which was more focused on DBE in aromatics.
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Figure 5. Distillation curve.

3.2. Particulate Mass and Particulate Number Emissions

Each paired PM and PN result was calculated based on the average value from at least two
China 6 type I test paired results by using the same test fuel. Table 4 shows these test results and the
corresponding uncertainties in measurement, which are calculated based on a reference study [22,23]:

Table 4. Test results and uncertainties in measurement.

Test Fuel Test 1 Test 2 Average Combined Standard
Uncertainty

Vehicle A

PM
mg/km

A 2.58 2.53 2.55 0.02
B 3.58 3.49 3.54 0.04
C 4.12 4.18 4.15 0.03
D 5.70 5.58 5.64 0.06

PN
#/km

A 2.79 × 1012 3.26 × 1012 3.02 × 1012 1.67 × 1011

B 4.08 × 1012 3.87 × 1012 3.98 × 1012 7.84 × 1010

C 4.55 × 1012 5.06 × 1012 4.80 × 1012 1.82 × 1011

D 5.59 × 1012 5.29 × 1012 5.44 × 1012 1.12 × 1011

Vehicle B

PM
mg/km

A 1.92 1.95 1.94 0.02
B 2.53 2.24 2.39 0.10
C 3.36 3.29 3.32 0.03
D 5.54 4.82 5.18 0.26

PN
#/km

A 1.45 × 1012 1.69 × 1012 1.57 × 1012 8.30 × 1010

B 1.75 × 1012 1.77 × 1012 1.76 × 1012 1.33 × 1010

C 3.48 × 1012 3.28 × 1012 3.38 × 1012 7.54 × 1010

D 3.94 × 1012 3.79 × 1012 3.87 × 1012 5.97 × 1010

Figures 6–9 present the correlation between particulate indices and the particulate emission results
by using 4 test fuels over WLTP. In Figure 6, the x-axis is the value of PMI corresponding to four test
fuels from Vehicle B with a 2 Liter turbocharged GDI engine. The left y-axis is the PM result from the
China 6 type I emission test, and the right y-axis is the PN result. The limits of China 6b PM and China
6 transition PN from the China 6 emission standard have been illustrated as the reference. It was noted
that PM results from Vehicle B varied from 1.94 mg/km to 5.18 mg/km. Looking further into the
results from Fuels A, B and C, which met the China 6 primary reference standards, PM results were
from 1.94 mg/km to 3.32 mg/km and the ratio of maximum and minimum value was 1.71. Comparing
these with the China 6 limit, it can be concluded that PM results, by using Fuels A and B, can meet
the China 6b limit of 3 mg/km. It was also noticed that PN results varied from 1.57 × 1012 #/km
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to 3.87 × 1012 #/km. Looking further into the results from Fuels A, B and C, the PN results were
from 1.57 × 1012 #/km to 3.38 × 1012 #/km and the ratio of maximum and minimum value was 2.15.
Comparing these with the China 6 limit, it can be concluded that PN results, by using four test fuels,
can meet the China 6 transition limit (before July 2020) of 6 × 1012 #/km. Additionally, PMI offered an
excellent correlation R2 = 0.9434 with PM and R2 = 0.9594 with PN, respectively.

Figure 6. PMI vs. particulate mass (PM) and particulate number (PN) emissions from Vehicle B.

In Figure 7, the x-axis is the value of PMI corresponding to four test fuels from Vehicle A with
a 1.5 Liter turbocharged GDI engine. The left y-axis is the PM result from the China 6 type I emission
test, and the right y-axis is the PN result. It was noted that PM results from Vehicle A varied from
2.55 mg/km to 5.64 mg/km. Looking further into the PM results from Fuels A, B and C, which met
the China 6 primary reference standard, the PM results were from 2.55 mg /km to 4.15 mg/km and
the ratio of maximum and minimum value was 1.62. Comparing these with the China 6 limits, it can
be concluded that the PM result, by using Fuel A, can meet the China 6b limit of 3 mg/km. It was
also noticed that PN results varied from 3.02 × 1012 #/km to 5.44 × 1012 #/km. Looking further
into the results from Fuels A, B and C, which could meet the China 6 primary reference standard,
the PN results were from 3.02 × 1012 #/km to 4.80 × 1012 #/km and the ratio of maximum and
minimum value was 1.59. Comparing these with the China 6 emission standard, it can be concluded
that PN results, by using four test fuels, can meet the China 6 transition limit (before July 2020) of
6 × 1012 #/km. Additionally, PMI offered an excellent correlation R2 = 0.9553 with PM and R2 = 0.9656
with PN, respectively.

Figure 7. PMI vs. PM and PN emissions from Vehicle A.
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The data shown in Figure 8 concern the correlation between PEI and the PM/PN results from
Vehicle B. PEI offered a good correlation R2 = 0.918 with PM and R2 = 0.9229 with PN, respectively.

Figure 8. PEI vs. PM and PN emissions from Vehicle B.

The data shown in Figure 9 concern the correlation between PEI and PM/PN emission results
from Vehicle A. PEI offered an excellent correlation R2 = 0.9670 with PM and R2 = 0.9920 with
PN, respectively.

Figure 9. PEI vs. PM and PN emissions from Vehicle A.

When Fuels A, B and C could meet the China 6 primary reference fuel standard, all PN results
could meet the China 6 emission limit of 6 × 1012 #/km during the transition period (before July 2020)
but could not meet the final stage (after July 2020) of 6 × 1011 #/km for both cars. In terms of PM
emissions, only the result by using Fuel A could ensure both cars meeting the China 6b limit of
3 mg/km. PM variations were up to 1.71 from Vehicle B and up to 1.62 from Vehicle A, while PN
variations were up to 2.15 from Vehicle B and up to 1.59 from Vehicle A. Based on these test results,
the risk for emission incompliance could be forecasted if this specific vehicle model was tested using
a primary reference fuel with low sooting tendency (e.g., Fuel A) for TA, but later on retested by using
the primary reference fuel with higher sooting tendency (e.g., Fuel C) for COP and IUC.

It is noted that two cars with a different curb mass and powertrain combination have a unique
response and sensitivity. When comparing the PM and PN results from the two test vehicles using the
same test fuel, the variation of PM and PN in Vehicle A was relatively lower than that in Vehicle B.
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It can be concluded that Vehicle A has a relatively lower sensitivity than Vehicle B on sooting tendency
with test fuels. However, there are various other factors influencing the fuel burning process and after
treatment efficiency. Nevertheless, PMI and PEI did trend with both the PM and the PN response in
this study.

Both PM and PN data sets from Vehicles A and B were excellently R-squared with PEI and PMI.
This was consistent with previous studies that suggested that the existence of an aromatic ring occurs
in the early stage of the fundamental particulate formation process. Moreover, heavy aromatics such
as hydrocarbon C9, C10 and C11 should have a high boiling point and more DBE [20,24,25]. This was
also proven by the distribution curve in Figure 5. It may be attributed to the fact that fuels with low
heavy aromatic content should have less sooting tendency [26–28].

4. Summary and Recommendations

The goal of this study was to evaluate the range of PM and PN results from cars with a GDI
engine using test fuels with linear PMI and PEI. Four test fuels were blended and analyzed with DHA
and PIONA. Two passenger cars with a GDI engine were instrumented to be tested with four test fuels
using WLTP of the China 6 emission standards.

Based on the conducted experiments and associated analyses and evaluations, the following
conclusions are drawn:

These four test fuels had a wide PMI distribution from 1.38 to 2.40 and PEI from 0.89 to 1.92.
When Fuels A, B and C could meet the China 6 reference fuel standards, the PMI distribution was from
1.38 to 2.04 and PEI was from 0.89 to 1.59.

With the increasing of PMI and PEI, the content of aromatics in Fuels A, B, C and D progressively
increased. The distillation curve and the content in each carbon number showed a heavy aromatic
increase from Fuel A to D. It can be concluded that heavy aromatics are major contributors to the PMI
and PEI value.

Wide PM and PN emission variations could be observed from the two vehicles’ engine-out
emissions. When Fuels A, B and C could meet the China 6 reference fuel standard, the PM variation
of Vehicle B was from 1.94 mg/km to 3.32 mg/km and of Vehicle A was from 2.55 mg/km to
4.15 mg/km, respectively. Additionally, the PN variation of Vehicle B was from 1.57 × 1012 #/km to
3.38 × 1012 #/km and of Vehicle A was from 3.02 × 1012 #/km to 4.80 × 1012 #/km, respectively.

The two GDI cars had a unique response and sensitivity. However, the PM and PN results from
the two GDI cars were exactly linear with PMI and PEI. All data sets showed that when the PMI
and PEI value increased, the PM and PN response increased. PM and PN results had a very high
correlation R2 > 0.94 with PMI and R2 > 0.9 with PEI.

This study indicated that the current framework of the reference fuel standard should be further
improved in order to improve the reproducibility of PM and PN emissions. Considering the excellent
correlation with sooting tendency, PMI and PEI would be the appropriate specification to be introduced
into the reference fuel standard.

A downside to this study is the small data samples with two cars and four test fuels; despite
how good the correlations were, PMI and PEI could only be considered as comparative rather than
predictive for sooting tendency. It would make sense to produce expanded fuel samples and fleet tests
in order to verify and establish predictive modelling for sooting tendency in the reference fuel standard.

As a short term measure, recording the PMI/PEI value of the reference fuel should be considered
when the TA test has been conducted on a specific vehicle model. If there is a dispute or failure while
following COP and IUC testing for this specific model, it should be allowed to verify the PMI/PEI
value of the reference fuel within a reasonable offset by comparing it with the value during TA.

Previous studies showed that burning of different levels of ethanol fuel in PFI engines and GDI
engines would result in both an increase and decrease in PM and PN emissions [29–31]. Considering
the Chinese government will have implemented E10 gasoline (10% ethanol blends) fuel nationwide by
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2020, it is also important to understand the impact of ethanol blending fuel if the reference fuel in the
emission standard changed to E10 accordingly.
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