
 

 

 
Abstract—This study presents an investigation of diesel vehicle 

particulate-phase emissions with neat ultralow sulphur diesel (B0, 
ULSD) and 5% waste cooking oil-based biodiesel blend (B5) in Hong 
Kong. A Euro VI light duty diesel vehicle was tested under transient 
(New European Driving Cycle (NEDC)), steady-state and idling on a 
chassis dynamometer. Chemical analyses including organic carbon 
(OC), elemental carbon (EC), as well as 30 polycyclic aromatic 
hydrocarbons (PAHs) and 10 oxygenated PAHs (oxy-PAHs) were 
conducted. The OC fuel-based emission factors (EFs) for B0 ranged 
from 2.86 ± 0.33 to 7.19 ± 1.51 mg/kg, and those for B5 ranged from 
4.31 ± 0.64 to 15.36 ± 3.77 mg/kg, respectively. The EFs of EC were 
low for both fuel blends (0.25 mg/kg or below). With B5, the EFs of 
total PAHs were decreased as compared to B0. Specifically, B5 
reduced total PAH emissions by 50.2%, 30.7%, and 15.2% over 
NEDC, steady-state and idling, respectively. It was found that when 
B5 was used, PAHs and oxy-PAHs with lower molecular weight (2 to 
3 rings) were reduced whereas PAHs/oxy-PAHs with medium or high 
molecular weight (4 to 7 rings) were increased. Our study suggests the 
necessity of taking atmospheric and health factors into account for 
biodiesel application as an alternative motor fuel. 
 

Keywords—Biodiesel, OC/EC, PAHs, vehicular emission.  

I. INTRODUCTION 

IESEL vehicle exhaust is the major source of ambient 
aerosols on street-level pollution and will cause severe 

adverse health effects [1]. In 2016, licensed diesel commercial 
vehicles constituted around 18% of the total vehicle in Hong 
Kong yet they were accountable for 93% of road transport fine 
suspended particulates (PM2.5) emissions [2]. Biodiesel, an 
oxygenated diesel made from vegetable oils, animal fats or 
waste cooking oil through the transesterification reaction, has 
been promoted as a sustainable alternative to diesel. Biodiesel 
contains less sulfur and aromatic compounds but higher oxygen 
content than diesel, and is more prone to oxidation during long-
term storage [3]. As a result, the exhaust emissions from 
biodiesel or its blends might be different than that from diesel 
fuel.  

Several studies have reported that the application of biodiesel 
blends resulted in lower particulate matter (PM) emissions 
compared to diesel fuel [4]-[7]. The chemical composition of 
the emitted PM from biodiesels or their blends might be very 
different to diesel fuel due to the difference in oxygen aromatic 
content. However, information about chemical composition of 
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the PM emission such as EC, OC, particulate-phase PAHs, and 
oxy-PAHs is scarce. Some studies reported a reduction in EC 
emissions from using biodiesel, as biodiesel could prevent soot 
formation by reducing fuel-rich zone and enhance soot 
oxidation [6], [8]-[10]. On the other hand, OC emissions have 
been reported to be increased [8], [10], [11] or decreased [11] 
due to the difference in fuel chemical composition, physical 
properties, as well as engine speed and loading.  

PAHs are identified as one of the major toxic air pollutants 
and there is sufficient evidence that PAH-enriched diesel 
exhaust is a cause of lung cancer [12]. The carcinogenic effect 
of diesel exhaust exposure is mainly by the inhalation of 
particles, on which carcinogens such as PAHs may absorb [13]. 
Several studies reported that vehicular emissions, especially 
diesel vehicles, are the most important sources of PAHs in 
urban areas [14], [15]. Reference [16] pointed out that most of 
the oxy-PAHs found in diesel exhaust particles are toxic and 
mutagenic. Biodiesel may promote the formation of oxy-PAHs 
for its higher oxygen content, enhanced combustion processes, 
and induced oxidation [17], [18]. Some studies indicated that 
fuel type has a significant effect on EFs, toxicity, and 
composition of PAHs and oxy-PAHs from vehicle engines 
[18]-[20]. However, there is little and inconsistent information 
on PAH emissions from engine with biodiesel/biodiesel blends. 
With different types of biodiesel, the total PAHs emission are 
reported to be reduced [9], [20] or increased [4], [21]. These 
contradictory results raise concern on the effect of biodiesel on 
PAH and oxy-PAH exhaust emissions from diesel vehicles.  

The objective of this study is to compare the effects of 
biodiesel blends (i.e., B0 and B5) on the PM emissions and 
chemical composition including OC, EC, PAHs, and oxy-PAHs 
from a light duty diesel vehicle over different driving conditions 
on a chassis dynamometer.  

II. METHODOLOGY 

A. Fleet, Fuel and Instrumentation Set-Up Overview 

A Euro-VI light duty diesel vehicle (Euro VI-LDV, H1, 
Hyundai) was tested with B0 (ULSD) and biodiesel blend B5 
(5% biodiesel blended with 95% diesel, by volume) fuels. The 
tested LDV was registered in 2019 and has a pre-test odometer 
reading of 77 km. It has a diesel particulate filter (DPF) and 
exhaust gas recirculation (EGR) as exhaust aftertreatment 
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system.  
The neat biodiesel (B100) was manufactured from the waste-

derived feedstock, including locally recycled waste cooking oil 
(WCO) and grease trap oil, by Dynamic Progress Int. Ltd. Table 
I lists the physicochemical properties of the neat biodiesel and 
the neat diesel.  

The exhaust emission tests were performed at Jockey Club 
Heavy Vehicle Emissions Testing and Research Centre (JCEC) 
in Hong Kong. The vehicle was driven on a Mustang chassis 
dynamometer with a 48’’ single roller. A 50% loading was 
added by increasing the roller resistance of the dynamometer to 
simulate the real driving condition. The tailpipe of the vehicle 
was connected to the constant volume sampler (CVS) and 
dilution tunnel system, from which the exhaust emission was 
measured and sampled. The volumetric flow rate, the static 
pressure and the temperature in the dilution tunnel were 
operated at 0.3 m/s, -1.87 kPa and 30 ℃, respectively. Fig. 1 
presents the schematic set-up of the vehicle testing. This paper 
presents the experiment and findings of selected particulate 

emissions (OC, EC, PAHs and oxy- PAHs), while the other 
measurements are presented in a separate paper. 

 
TABLE I 

THE PROPERTIES OF THE TESTED FUELS [22], [23] 

 Biodiesel (B100) ULSD (B0) 

Fuel standard EN14214:2012 Euro V diesel

Physical properties 

Cetane Index  51 52 

Heat of evaporation (kJ kg-1) 300 250–290 

Lower heating value (MJ kg-1) 37.5 42.5 

Density at 20 ℃ (kg m-3) 871 840 

Vapor point at 25 ℃ (mmHg) < 2 NA 

Viscosity at 40 ℃ (mPa•s) 4.6 2.4 

Chemical properties 

Carbon content (wt%) 77.1 86.6 

Hydrogen content (wt%) 12.1 13.4 

Oxygen content (wt%) 10.8 0 

Sulphur content (mg kg-1) <10 <10 

 

 

 

Fig. 1 The set-up of the vehicle test on the chassis dynamometer 
 

 

Fig. 2 The driving speeds of the Ne NEDC tests in the chassis 
dynamometer experiments 

B. Driving Cycles 

Three driving conditions including transient, steady-state and 
idling were conducted for the emission tests of B0 and B5 fuels, 
respectively. Three trials were performed for each combination 
of driving cycle and fuel blend. For the transient test, NEDC 
test was performed to simulate dynamic conditions in urban and 
extra-urban areas (Fig. 2). For the steady-state test, a constant 
speed of 50 km/h was set to match the speed limit for the 

majority of local urban roads. The driving speed was initially 
accelerated for 30s to attain this constant speed. For the idling 
test, the vehicle was stationary on the dynamometer while the 
engine was on. The duration of one NEDC test was run for 1180 
s, those of steady and idling tests were run for 1200 s. 

C. PM Sample Collection 

Particulate emission was collected by a pre-baked quart filter 
(Whatman, USA) and a Teflon filter (Whatman, USA) 
simultaneously for each trial. The average flow rate of the 
exhaust onto the filters was maintained at about 47 L/min over 
each test. The masses of PM (PM2.5) on both types of filters 
were determined by an electronic microbalance (MC5, 
Sartorius, Germany) with a readability of 0.001 mg. The filters 
were conditioned in a humidity- and temperature-controlled 
chamber (i.e., relative humidity = 45%; temperature = 22 °C) 
for at least 24 h before weighing. Each filter was weighed at 
least twice before and after sample collection. The weighing 
result was accepted only if the difference of the two consecutive 
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weightings was less than 0.01% of the filter weight. The filters 
were then sealed in zip-zap bags and stored at –20 ℃ for 
subsequent chemical analyses. Operational blanks and 
laboratory control blanks were prepared and processed 
simultaneously with the field samples, and were used to correct 
filter data. 

D. Chemical Analysis 

Each quartz filter was cut exactly in half with a specially 
designed chopper for OC/EC and PAHs/oxy-PAHs analyses. 
The OC/EC analysis was conducted using the Desert Research 
Institute (DRI) Model 2001 Thermal/Optical Carbon Analyzer 
following the Interagency Monitoring of Protected Visual 
Environments (IMPROVE)-A protocol [24]. The frictions of 
OC and EC (OC1, OC2, OC3, OC4, EC1, EC2 and EC3) were 
obtained in non-oxidizing (Helium; for OC) and subsequently 
oxidizing atmospheres (Helium with 2% oxygen; for EC). The 
four fractions of OC were produced at 120, 250, 450, and 550 
°C, respectively; while the three fractions of EC were produced 
at 550, 700 and 800 °C, respectively. During the volatilization 
of OC, some OC may pyrolytically convert to EC. This was 
corrected by monitoring the change of reflectance using a 
helium-neon laser. The data recording and processing was done 
with the DRICarb software analysis package. OC is defined as 
OC1+OC2+OC3+OC4+OP; EC is defined as EC1+EC2+EC3.  

The particulate samples on another half portion of each 
quartz filter were used for PAHs and oxy-PAHs analysis. The 
samples were analyzed using the thermal desorption-gas 
chromatography/mass spectrometer (TD-GC/MS) method [25]. 
Internal standard was spiked onto the filters. The filter strips 
were transferred into a TD tube, which was placed into the GC 
injection port at 50 ºC. The temperature of the injection port 
was set to 275 ºC in splitless mode after the input of the tube 
and the closure of the septum cap. The initial temperature of the 
GC oven was 30 ºC, then it was increased to first 120 ºC, and 
then 310 ºC. The mass spectrometer was operated in electron 
impact ionization mode, and the detector scanned from 50 to 
550 amu. Species were identified by comparing the mass 
spectrum and chromatographic peaks retention time with the 
standards. The detailed experimental procedure was described 
by [25]. 30 PAHs and 10 oxy-PAHs were targeted in this study. 
The PAHs included in this study are Naphthalene (NAP, 2-
ring), 1-Methylnaphthalene (1-NAP, 2-ring), 2-
Methylnaphthalene (2-NAP, 2-ring), 2,6-Dimethylnaphthalene 
(2,6-NAP, 2-ring), Acenaphthylene (ACY, 3-ring), 
Acenaphthene (ACE, 3-ring), Fluorene (FL, 3-ring), 
Anthracene (ANT, 3-ring), Phenanthrene (PA, 3-ring), 9-
Methylanthracene (9-ANT, 3-ring), Retene (RET, 3-ring), 
Pyrene (PYR, 4-ring), Fluoranthene (FLA, 4-ring), 
Methylfluoranthene (Mt-FLA, 4-ring), Benzo[a]anthracene 
(BaA, 4-ring), Chrysene (CHR, 4-ring), Methylchrysene (Mt-
CHR, 4-ring), Cyclopenta[c,d]pyrene (CPcdPYR, 5-ring), 
Benzo[a]fluoranthene (BaF, 5-ring), Benzo[a]pyrene (BaP, 5-
ring), Benzo[b]fluoranthene (BbF, 5-ring), Benzo[e]pyrene 
(BeP, 5-ring), Benzo[k]fluoranthene (BkF, 5-ring), Perylene 
(Per, 5-ring), Picene (PIC, 5-ring), Dibenzo[a,h]anthracene 
(DBA, 5-ring), Indeno[1,2,3-c,d]pyrene (IND, 6-ring), 

Benzo[g,h,i]perylene (BghiP, 6-ring), Dibenzo[a,e]pyrene 
(DBP, 6-ring), and Coronene (COR, 7-ring). The oxy-PAHs 
included in this study are 1-Naphthaldehyde (1-NAD, 2-ring), 
1,4-Naphthoquinone (1,4-NQ, 2-ring), 1-Acenaphthenone (1-
ACP, 3-ring), 9-Fluorenone (9-FLO, 3-ring), 9,10-
Anthraquinone (9,10-ANQ, 3-ring), 1,8-Naphthalic anhydride 
(1,8-NAPAyd, 4-ring), 5,12-Naphthacenequinone (5,12-
NACQ, 4-ring), Benzo[a]anthracene-7,12-dione (BaA7,12-dio, 
4-ring), 1,4-Chrysenequinone (1,4-CRQ, 4-ring), and 6H-
Benzo[c,d]pyrene-6-one (6H-BcdP-6-one, 5-ring). 

E. Calculation of EFs 

A fuel-based EF approach was employed to show the amount 
of pollutant emitted in the exhaust per kilogram of fuel 
consumed during each driving cycle. The fuel consumption for 
a driving test was calculated by (1), considering that 1 mole of 
carbon atom in fuel produces 1 mole of CO2 as diesel engines 
have high combustion efficiency and have CO2 as the major 
combustion product. 

 
௏೑ൈఘ೑ൈఠ೑

ெௐ಴
ൌ

ெ಴ೀమ

ெௐ಴ೀమ
           (1) 

 
In (1), 𝑉௙ [L] is the volume of fuel consumed in, 𝜌௙ [kg/L] is 

the density of B0 (i.e., 0.83) or B5 (i.e., 0.8325) fuel, 𝜔௙ is the 
mass fraction of carbon in B0 (i.e., 0.87) or B5 (i.e., 0.86), 𝑀஼ைమ 
[g] is the background corrected mass of CO2 produced in each 
trial of driving test, 𝑀𝑊஼ and 𝑀𝑊஼ைమ

 are the molecular mass of 
carbon and CO2 [g/mol], respectively. The EFs of OC, EC, and 
individual PAH, oxy-PAH species were calculated by dividing 
the amount of that compound by the amount of fuel consumed 
for each driving cycle. 

III. RESULTS AND DISCUSSION 

A. OC and EC 

The EFs of OC ((from 2.86 to 15.36 mg/kg) and EC (from 
0.01 to 0.25 mg/kg)) from the exhaust particulate samples in all 
driving conditions fueled with both B0 and B5 were low. This 
may attribute to the high effectiveness of DPF to remove 
particulate emissions from the vehicular exhaust [26]. In this 
study, the EC emissions were close to detection limit with both 
B0 and B5 under all driving conditions. For some trials/ 
samples, the EC emissions were even below the detection limit. 
As a result, the average EFs EC were very low and the majority 
of carbon fractions measured was OC. 

Fig. 3 compares the EFs of OC and EC over different driving 
conditions fueled with B0 and B5. The OC EFs for B0 ranged 
from 2.86 ± 0.33 to 7.19 ± 1.51 mg/kg, and those for B5 ranged 
from 4.31 ± 0.64 to 15.36 ± 3.77 mg/kg, respectively. For both 
fuel blends, the highest EFs of OC were observed in idling 
cycle. Previous studies have also reported higher OC emissions 
in idling condition and explained this with higher fuel 
consumption or lower temperature in cylinder due to fuel lean 
condition [27], [28]. The EFs at NEDC were the lowest for both 
fuel blends, yet the differences between that with steady-state 
test were mild. OC emissions in each driving cycle when using 
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B5 were higher that B0 in each corresponding cycle. Compared 
with B0, B5 rocketed OC EFs by more than double during 
idling, and increased OC EFs by 50.6% and 39.5%, 
respectively, during NEDC and steady test. On the other hand, 
the EC emissions did not show an increase pattern across all 
driving cycles. The effects of the application of B5 fuel on EC 
were from - 80% to + 816%. The unburnt biodiesel has lower 
volatility and may facilitate nucleation and condensation of 
particles during the cool down of the exhaust in the tailpipe and 
result in a higher OC emission, especially in low load situation 
with a low fuel/air ratio [8]. The increase in OC observed in this 
study is in accordance with the previous studies [8], [29]. The 
increment of OC in steady test with the substitution of B5 is 
statistically significant (Student’s t-test, p < 0.05). References 
[8] and [29] both reported a decrease in EC when biodiesel was 
used. While this study reported a change in EC performance in 
both positive and negative directions in different driving cycles 
with a large percentage of change, the differences for EC among 
fuels were statistically insignificant and the OC or EC 
emissions remained very low.  

 

 

Fig. 3 EFs of OC and EC for B0 and B5 over NEDC, steady state and 
idling tests 

B. PAHs 

Among the 30 PAHs and 10 oxy-PAHs being quantified, two 
PAHs, Retene and Picene, were below detection limits. Fig. 4 
presents the total PAH EFs under different fuel blends and 
driving conditions. In general replacing B0 by B5 resulted in a 
reduction of total PAHs. The total PAH EFs were 58.9 to 137.9 
μg/kg when using B5, which was reduced by 50.2%, 30.7% and 
15.2% over NEDC, steady state and idling, respectively, 
compared to the neat ULSD. Similar to the case of OC 
emission, the vehicle at idling tests generated the highest EFs 
of PAHs and oxy-PAHs for both fuel blend. The effect of B5 
blend on total PAH EFs over NEDC was statistically significant 
(Student’s t-test, p < 0.05). 

Tables II and III present the averaged EFs of the PAHs and 
the oxy-PAHs, respectively, for the 2 blends over NEDC, 
steady-state and idling tests. Among all quantified particle-
phase PAHs, the EFs of total PAHs were predominantly 
attributed to naphthalene (NAP), acenaphthylene (ACY), 
acenaphthene (ACE), fluorene (FL), as well as other low 

molecular weight (LMW-, 2- to 3-ring) PAHs. These four 
dominant species accounted for around 70% of the total PAHs 
in particulate exhaust from B0. Compared with the neat ULSD, 
the use of B5 reduced total EFs of these dominant PAHs by 
61.1%, 47.7% and 28.4%, over NEDC, steady-state and idling, 
respectively. Overall, the adoption of B5 reduced EFs of LMW-
PAHs by 59.1%, 44.7% and 27.7%, over NEDC, steady-state 
and idling, respectively, in comparison with B0. On the other 
hand, medium molecular weight (MMW-, 4-ring) and high 
molecular weight (HMW-, 5- to 7-ring) PAHs showed an 
increasing trend for most driving conditions with the 
substitution of biodiesel blend. The use of B5 reduced the EFs 
of MMW-PAHs by 31.1% over NEDC, but increased it by 5.2% 
over steady-state and 33.9% over idling, respectively. The 
application of B5 increased the EFs of HMW-PAHs by 12.7%, 
71.4%, and 113%, over NEDC, idling, steady-state, 
respectively.  

 

 

Fig. 4 EFs of total PAH for B0 and B5 over NEDC, steady and idling 
tests  

 
Oxy-PAHs accounted for a small fraction of the total PAHs 

(2.6% for B0 and 3.6% for B5 on average). The EFs of oxy-
PAHs were 2.2 to 4.3 μg/kg when using B5, which were 
increased by 12.1% over steady-state but were reduced by 
27.0% and 3.8% over NEDC and idling, respectively, when 
compared to B0. 1,4-Naphthoquinone (1,4-NQ, 2-ring) was the 
dominant oxy-PAH species in B0 and accounted for almost half 
of the total EFs of oxy-PAHs. It was reduced substantially 
under all driving conditions and contributed to the overall 
reduction in oxy-PAHs emission with the application of B5. 7 
of the other 9 PAHs (all oxy-PAHs with 3 to 4 rings) were 
increased under all driving conditions. Grouping by number of 
rings using B5 resulted in a reduction in EFs of 2- to 3-ring oxy-
PAHs but an increment in EFs of 4- and 5-ring oxy-PAHs.  

C. PAHs Comparison with Previous Studies 

This study observed a reduction of total particle phase PAHs 
and particularly LMW-PAHs by addition of WCO-based 
biodiesel, which is in line with previous study [8], [17]. It was 
suggested that the emission of LMW-PAHs was originated 
from condensation of unburnt diesel or lubricating oil, or 
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pyrolysis from incomplete fuel combustion [8], [30], [31]. The 
higher oxygen content in biodiesel blend induces a higher 
oxidation rate and more complete fuel combustion. Hence, the 

EFs of total PAHs and LMW-PAHs declined under all driving 
conditions with inclusion of B5 fuel [8], [17], [30].

 
TABLE II 

SUMMARY OF FUEL-BASED EFs OF PAHs WITH ULSD (B0) AND BIODIESEL BLEND (B5) FUELS OVER NEDC, STEADY-STATE AND IDLING TESTS 

PAHs   Fuel-based EFs (μg/kg)   

 NEDC  Steady  Idling 

 B0 B5  B0 B5  B0 B5 

NAP 22.69 ± 0.52 15.12 ± 3.71  18.66 ± 4.45 16.86 ± 11.93  40.17 ± 22.17 39.04 ± 17.69 

1-NAP 2.66 ± 0.43 2.24 ± 0.29 * 2.09 ± 0.74 2.22 ± 1.47  4.23 ± 3.28 4.13 ± 2.03 

2-NAP 2.59 ± 0.14 2.29 ± 0.69  1.87 ± 0.13 2.41 ± 1.70  4.07 ± 2.88 5.01 ± 3.73 

2,6-NAP 1.89 ± 0.71 1.75 ± 0.26  1.50 ± 0.91 1.73 ± 1.01  2.54 ± 1.22 3.04 ± 1.22 

ACY 15.42 ± 3.10 6.41 ± 1.74  13.70 ± 6.32 6.61 ± 4.42  21.80 ± 6.50 16.82 ± 9.78 

ACE 18.70 ± 5.28 5.99 ± 1.71 * 15.48 ± 5.35 6.04 ± 4.07  24.83 ± 4.81 18.75 ± 14.57 

FL 23.08 ± 5.28 3.54 ± 1.47 * 16.51 ± 8.11 4.17 ± 2.76  31.69 ± 4.98 10.18 ± 5.74 * 

ANT 4.03 ± 0.58 0.79 ± 0.26 * 3.37 ± 0.94 0.98 ± 0.70 * 4.37 ± 2.24 1.44 ± 0.79 

PA 3.64 ± 0.66 0.80 ± 0.32 * 2.96 ± 0.81 1.07 ± 0.78 * 3.45 ± 0.93 1.38 ± 0.70* 

9-ANT 1.97 ± 0.12 0.64 ± 0.23 * 1.28 ± 0.37 0.68 ± 0.45  2.58 ± 1.31 1.20 ± 0.70 

RET <LOD <LOD <LOD <LOD  <LOD <LOD 

PYR 2.67 ± 0.49 0.91 ± 0.39 * 1.91 ± 0.46 0.98 ± 0.70  2.48 ± 1.01 1.72 ± 0.97 

FLA 1.94 ± 0.36 1.12 ± 0.37  1.28 ± 0.82 1.52 ± 1.15  1.96 ± 0.47 2.62 ± 1.21 

Mt-FLA 0.94 ± 0.06 0.80 ± 0.22  0.63 ± 0.25 0.81 ± 0.61  1.27 ± 0.67 1.62 ± 1.06 

BaA 1.18 ± 0.55 0.90 ± 0.15  1.00 ± 0.53 0.98 ± 0.62  1.06 ± 0.12 1.79 ± 0.79 

CHR 1.53 ± 0.50 1.74 ± 0.25  1.12 ± 0.41 1.81 ± 1.31  1.32 ± 0.16 2.93 ± 1.62 

Mt-CHR 0.32 ± 0.06 0.45 ± 0.11  0.23 ± 0.09 0.40 ± 0.19  0.51 ± 0.24 0.83 ± 0.37 

CPcdPYR 0.72 ± 0.28 1.09 ± 0.38  0.46 ± 0.13 1.50 ± 1.22  1.05 ± 0.39 2.19 ± 1.52 

BaF 0.37 ± 0.06 0.56 ± 0.12 0.29 ± 0.09 0.51 ± 0.35  0.31 ± 0.09 0.94 ± 0.54 

BaP 0.64 ± 0.07 0.82 ± 0.15  0.51 ± 0.05 0.87 ± 0.58  0.64 ± 0.30 1.32 ± 0.61 

BbF 0.85 ± 0.10 0.46 ± 0.13  0.65 ± 0.14 0.56 ± 0.40  0.85 ± 0.21 0.91 ± 0.53 

BeP 0.28 ± 0.03 0.32 ± 0.04  0.24 ± 0.04 0.38 ± 0.27  0.31 ± 0.12 0.56 ± 0.22 

BkF 1.03 ± 0.23 0.54 ± 0.19  0.69 ± 0.30 0.58 ± 0.41  0.80 ± 0.23 0.89 ± 0.45 

PER 0.22 ± 0.01 0.24 ± 0.06  0.18 ± 0.04 0.26 ± 0.15  0.21 ± 0.06 0.40 ± 0.15 

PIC <LOD <LOD  <LOD <LOD  <LOD <LOD   

DBA 1.58 ± 0.38 1.83 ± 0.50  1.22 ± 0.37 1.96 ± 1.27  1.50 ± 0.32 3.69 ± 1.56 

IND 1.07 ± 0.05 1.93 ± 0.64  0.83 ± 0.12 2.28 ± 1.46  1.09 ± 0.30 3.68 ± 1.55 

BghiP 0.66 ± 0.17 0.84 ± 0.08  0.51 ± 0.25 1.04 ± 0.63  0.66 ± 0.24 1.37 ± 0.43 * 

DBP 1.88 ± 0.32 1.72 ± 0.63  1.30 ± 0.33 2.00 ± 1.33  1.80 ± 0.27 3.94 ± 2.02 

COR 0.57 ± 0.11 0.83 ± 0.17  0.49 ± 0.21 0.83 ± 0.53  0.59 ± 0.33 1.19 ± 0.32 * 

ΣPAHs 115.16 ± 16.22 56.68 ± 13.84*  90.97 ± 24.92 62.03 ± 40.75  158.17 ± 46.48 133.61 ± 69.65 

Values are mean ± S.D. The symbol asterisk (*) indicates significant difference in the effect of B5 on total emissions factors over the driving tests (Student’s t-
test, p < 0.05). LOD: below limit of detection. 

 

The increased emissions in HMW-PAHs are in accordance 
with [18]. The elevated fractions of HMW-PAHs were 
attributed to the combustion reaction through pyrosynthesis of 
the fuel fragments in the diesel engine and the unsaturated 
components in biodiesel [30], [32]. 

In accordance with previous studies, the EFs from LMW-
PAHs are higher than that for HMW-PAHs [8], [20], [21], [31]. 
However, the composition of individual compounds varied 
among different studies. For example, NAP was the most 
abundant particle PAH species in this study and [33], but other 
studies (e.g. [8], [20], [33]) reported a rather smaller proportion 
of particle phase NAP. This may be attributed to the partitioning 
of compounds with high volatility between particulate and 
vapor phases or the vapor phase NAP being absorbed on quartz 
filters.  

 

While previous studies suggested that biodiesel may enhance 
the formation of oxy-PAHs, this study noticed a reduction in 
oxy-PAHs over NEDC and idling [17], [34]. The contradiction 
may attribute to the dominant 2-ring oxy-PAHs, 1,4-NQ, as the 
emissions of other oxy-PAHs were generally higher when using 
B5, while 1,4-NQ were greatly reduced. In [17], 1,4-NQ was 
not the most dominant species and it was increased with the 
biodiesel content. The study [35] used a passenger car with 
Euro II standard without DPF equipment and did not test 1,4-
NQ. The disagreement in oxy-PAHs results may be attributed 
from different engine types, fuels, and PAHs being examined. 
Nevertheless, this study showed that there is a higher proportion 
of oxy-PAHs in PAH composition and a promotion of 4- and 5-
ring oxy-PAHs when biodiesel blend was used. 
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TABLE III 
SUMMARY OF FUEL-BASED EFs OF oxy-PAHs, TOTAL PAHS WITH ULSD (B0) AND BIODIESEL BLEND (B5) FUELS OVER NEDC, STEADY-STATE AND IDLING 

TESTS 

Oxy-PAHs Fuel-based EFs (μg/kg) 

 NEDC  Steady  Idling 

 B0 B5  B0 B5  B0 B5 

1-NAD 0.37 ± 0.03 0.36 ± 0.10  0.27 ± 0.07 0.42 ± 0.26  0.57 ± 0.28 0.64 ± 0.30 

1,4-NQ 1.51 ± 0.13 0.43 ± 0.14 * 1.15 ± 0.60 0.54 ± 0.42  2.13 ± 1.02 0.74 ± 0.40 

1-ACP 0.24 ± 0.06 0.29 ± 0.11  0.16 ± 0.04 0.30 ± 0.26  0.30 ± 0.11 0.51 ± 0.39 

9-FLO 0.18 ± 0.04 0.20 ± 0.07  0.10 ± 0.00 0.25 ± 0.18  0.22 ± 0.09 0.40 ± 0.26 

9,10-ANQ 0.14 ± 0.01 0.21 ± 0.05  0.14 ± 0.05 0.25 ± 0.15  0.30 ± 0.10 0.44 ± 0.20 

1,8-NAPAyd 0.20 ± 0.04 0.21 ± 0.07  0.15 ± 0.03 0.27 ± 0.17  0.32 ± 0.09 0.42 ± 0.21 

5,12-NACQ 0.09 ± 0.02 0.12 ± 0.03  0.07 ± 0.03 0.12 ± 0.09  0.12 ± 0.04 0.28 ± 0.26 

BaA7,12-dio 0.14 ± 0.02 0.25 ± 0.09  0.10 ± 0.03 0.26 ± 0.17  0.20 ± 0.10 0.49 ± 0.33 

1,4-CRQ 0.08 ± 0.01 0.09 ± 0.01  0.06 ± 0.03 0.10 ± 0.07  0.13 ± 0.08 0.20 ± 0.13 

6H-BcdP-6-one 0.12 ± 0.03 0.09 ± 0.02  0.09 ± 0.03 0.08 ± 0.05  0.15 ± 0.05 0.16 ± 0.09 

Σ oxy-PAHs 3.07 ± 0.38 2.24 ± 0.60  2.31 ± 0.76 2.59 ± 1.78  4.44 ± 1.74 4.27 ± 2.51 

Total PAHs 118.23 ± 16.59 58.92 ± 14.40 * 93.27 ± 25.50 64.62 ± 42.52  162.61 ± 48.21 137.88 ± 71.86 

Values are mean ± S.D. The symbol asterisk (*) indicates significant difference in the effect of B5 on total emissions factors over the driving tests (Student’s t-
test, p < 0.05). LOD: below limit of detection. 

 

IV. CONCLUSION 

The current study compares the particulate emissions from a 
Euro VI-LDV using B0 and B5 WCO-based biodiesel blend. 
The OC/EC analysis showed a domination of OC over EC 
among all driving cycles and fuel blends. The EFs of OC were 
increased by 30%, 23% and 111% during NEDC, steady, and 
idling test, respectively, when B5 was used compared with B0. 
The EFs of EC were very low and did not show a clear pattern 
of change when B0 was replaced by B5.  

The PAHs/oxy-PAHs analysis revealed that the B5 blend 
reduced emissions of total particulate phase PAHs under all 
driving conditions B5 fuel reduced. The EFs were reduced by 
50%, 31%, and 15% under NEDC, steady and idling test, 
respectively. The reduction in total PAHs EFs was mostly due 
to the drop of LMW-ring PAH. MMW- and HMW-PAHs, as 
well as oxy-PAHs, were generally increased when using B5. 
Although using B5 WCO-based biodiesel blend could be more 
sustainable, our results raise concern of atmospheric and health 
issues, as the OC emissions were higher than using B0 and there 
was a shift in PAHs composition.  
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