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a b s t r a c t

Polychlorinated dibenzo-p-dioxin/dibenzofuran (PCDD/F) emissions from heavy-duty diesel engines
(HDDEs) fuelled with paraffinic–palmbiodiesel blends have been rarely addressed in the literature.
A high-resolution gas chromatograph/high-resolution mass spectrometer (HRGC/HRMS) was used to
analyze 17 PCDD/F species. Experimental results indicate that the main species of PCDD/Fs were
eywords:
CDD/Fs
iodiesel
araffinic fuel
xhaust

OCDD (octachlorinated debenzo-p-dioxin) and OCDF (octachlorodibenzofuran), and they accounted for
40–50% of the total PCDD/Fs for all test fuels. Paraffinic–palmbiodiesel blends decreased PCDD/Fs by
86.1–88.9%, toxic PCDD/Fs by 91.9–93.0%, THC (total hydrocarbons) by 13.6–23.3%, CO (carbon monoxide)
by 27.2–28.3%, and PM (particulate matter) by 21.3–34.2%. Using biodiesel blends, particularly BP9505
or BP8020, instead of premium diesel fuel (PDF) significantly reduced emissions of both PCDD/Fs and
traditional pollutants. Using BP9505 (95 vol% paraffinic fuel + 5 vol% palmbiodiesel) and BP8020 instead

/F em
iesel engine of PDF can decrease PCDD

. Introduction

Diesel engines are widely used in heavy-duty buses, trucks,
onstruction machines, and generators, because they have
igh fuel efficiency, power output, and fuel economy and

ower emissions of traditional pollutants than gasoline-powered
ngines [1,2]. However, emissions of smoke, particulate matter
PM), organic/elemental carbons, sulfur oxide (SOx), poly-
yclic aromatic hydrocarbons (PAHs), polychlorinated dibenzo-
-dioxin/dibenzofurans (PCDD/Fs), and exhaust odor from HDDE
xhausts have long been a concern for the public and environmental
esearchers [3–12].

Unfortunately, emissions of hydrocarbons and polycyclic aro-
atic hydrocarbons (PAHs) from diesel vehicles may be consistent
ith the role of aromatic precursors for PCDD/F formation and

he degenerated graphitic soot structure in de novo synthesis [6].
urthermore, incomplete combustion and chlorine in fuel lead to
CDD/F emissions from vehicular engines [4]. Previous research

howed that the most significant emissions from diesel engines
re gas-phase PCDD/Fs, and that PCDD/F concentrations decreased
ith increasing load rate. Furthermore, studies have found that
igh load and new engines cause lower PCDD/F emissions due

∗ Corresponding author. Tel.: +886 7 5252000x4412; fax: +886 7 5254412.
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issions by 5.93 and 5.99 g I-TEQ year−1 in Taiwan, respectively.
© 2010 Published by Elsevier B.V.

to better combustion, with PCDD/F emissions ranging from 0.024
to 0.550 ng I-TEQ L−1 due to different steady-state procedures and
vehicles [13–16]. Gullett and Ryan [16] found that diesel fuel
with low sulfur caused high PCDD/F emissions (0.044 ng I-TEQ L−1)
as compared to commercial diesel fuel bought in North Car-
olina (0.024 ng I-TEQ L−1). In addition, PCDD/F emissions can be
reduced from 0.097 to 0.023 ng I-TEQ L−1 when a diesel oxida-
tion catalyst is used [17]. The health risk of PCDD/Fs emitted
from HDDEs in the areas with relatively high automobile and
population density should not be ignored. However, it is still desir-
able to find an alternative fuel to reduce PCDD/F emissions from
HDDEs.

Recently, biodiesel has received significant attention because of
the need to reduce emissions from diesel engines without mod-
ifying them, as well as in order to reduce the use of fossil fuels.
Biodiesel is an oxygenated fuel that can be used in diesel engines
to improve combustion efficiency, as well as reducing emissions
of total hydrocarbons (THC), carbon monoxide (CO), sulfur oxide
(SO2), PAHs, and carbonyl compounds [9–12,18–28]. Therefore, it
is anticipated that biodiesel can reduce PCDD/F emissions, as it has
already been shown to reduce those of both HCs and PAHs, and the

latter may act as aromatic precursors for the formation of PCDD/Fs
and the degenerated graphitic soot structure in de novo synthesis
[6]. Palmbiodiesel has a better potential for commercial applica-
tions than other biodiesels because it meets the requirements of
diesel-engine combustion, and has comparable performance to

dx.doi.org/10.1016/j.jhazmat.2010.07.071
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Details of the Cummins B5.9-160 HDDE.

Parameters Test HDDE

Engine model Cummins
Engine type B5.9-160
Aspiration Turbocharged
Intercooler Water cooler
Injection type Direct injection
Bore × stroke 102 mm × 120 mm
Displacement 5880 cm3

Injection sequence 1-5-3-6-2-4
Injection timing 12.3◦ BTDCa

Compression ratio 17.9:1
Idle speed 810 rpm
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Max. power 118 kW (at 2400 rpm)
Max. torque 534 N m (at 1600 rpm)

a Before top dead center.

ther biodiesels such as soybean and rapeseed oils. In addition,
almbiodiesel is cheaper than both soybean-biodiesel and corn-
iodiesel [29–30]. In our previous study, the aromatic, paraffin, and
aphthene contents in base diesel fuel (premium diesel fuel) were
easured using an NMR C13 (nuclear magnetic resonance C13), and
ere found to be 30.8, 45.1, and 24.1 wt%, respectively. However,

99% alkane with 12–16 element carbon has been found in paraf-
nic fuel [31]. Paraffinic fuel can be synthesized from methane or
roduced by the reaction of CO and hydrogen (H2), and thus it is
etter than premium diesel fuel. Since palmbiodiesel is an oxy-
enated fuel, it can be blended with paraffinic fuel and used in
iesel engines to enhance combustion efficiency. In our previous
tudy, we found that there was no significantly negative influence
y using palmbiodiesel-diesel blends and paraffinic–palmbiodiesel
lends instead of diesel in diesel engines for 18,000 km [28]. There-
ore, palmbiodiesel and paraffinic fuel were selected as alternative
uels in this study.

Pollutant emissions from HDDEs under the US-HDD transient
ycle test [32] are representative because engines are tested over

full range of load and speed conditions, including express-
ay, congested-urban, and uncongested-urban settings. Although

CDD/F emissions from diesel engines have been investigated in the
iterature, the test loadings are steady-state conditions. Moreover,
eductions in PCDD/F emissions from HDDEs fuelled with biodiesel
lends under the US-HDD transient cycle have been rarely been
eported in the past. Therefore, this study first examined PCDD/F
missions from a HDDE by using palmbiodiesel–diesel blends and
araffinic–palmbiodiesel blends with the US transient cycle. Sec-
nd, emission factors of PCDD/Fs and traditional pollutants in the
xhaust of the HDDE were compared and discussed. Finally, reduc-
ions in PCDD/F emissions from a test HDDE fuelled with biodiesel
lends were evaluated.

. Methods and materials

.1. Test engine and fuels

The Cummins B5.9-160 HDDE (non-catalyst) was used in this
tudy, with details shown in Table 1. The test engine was manufac-
ured in 1994 and is commonly used in Taiwan for regulation test
f pollutant emissions. Testing was conducted according to Code of
ederal Regulations (CFR) 40 Part 86 Subpart N (the US-HDD Tran-
ient Cycle) [32]. A Schenck GS-350 dynamometer was used, while
dilution tunnel and a monitoring system were installed down-
tream of the diesel-engine’s exhaust to supply dilute air and to
acilitate continuous measurement of suspended particles (PM and
articulate-phase PCDD/F). Gas-phase pollutants (THC, CO, CO2,
Ox and gas-phase PCDD/F) were also collected and measured. In
rder to decrease the temperature of the original exhaust, clean
s Materials 185 (2011) 1–7

ambient air was used to dilute it. Active carbon is used for cleaning
the inlet ambient air, which is used for diluting the engine exhaust.
The sampling system was a CVS (constant volume sampling) one.
The volumetric flow rate of clean ambient air was roughly 17
times higher than that of the original exhaust. Thus, the appro-
priate dilution ratio was approximately 18 to 1. Due to the low
PCDD/Fs level, we ran one cycle for one sample and then we mixed
10 samples to get one mixed sample. Totally three mixed sam-
ples were taken for each test fuels in this study. The following six
test fuels were selected for this study: premium diesel fuel (PDF),
B20 (20 vol% palmbiodiesel + 80 vol% PDF), B100 (100 vol% palm-
biodiesel), BP9505 (95 vol% paraffinic fuel + 5 vol% palmbiodiesel)
and BP8020 (80 vol% paraffinic fuel + 20 vol% palmbiodiesel). Palm-
biodiesel was purchased from Gibson Chemical Corporation in
Malaysia. Paraffinic fuel was purchased from Gibson Chemical Cor-
poration in Germany.

2.2. Sample collection

A schematic of the sampling equipment is given in Fig. 1. After
the original exhaust gas was diluted, suspended particles (PM
and particulate-phase PCDD/Fs) and gas-phase pollutants (THC,
CO, CO2, NOx and gas-phase PCDD/Fs) were collected and mea-
sured. PCDD/Fs, in both gas- and particulate-phases, were collected
using a PCDD/F sampling system at a temperature below 52 ◦C
to avoid desorption of the PCDD/Fs collected on the cartridges.
However, the usual temperature of the exhaust in this study was
30–35 ◦C. The average temperature of the XAD module during
testing was 32.4 ◦C. Gas-phase PCDD/Fs were collected on a three-
stage glass cartridge. The mass of XAD-2 resin used for the testing
was 150 g. PUF plugs were used as well. Prior to sampling, XAD-
2 resin was spiked with PCDD/F surrogate standards pre-labeled
with isotopes, including 37Cl4-2,3,7,8-TCDD (tetrachlorodibenzo-
p-dioxin), 13C12-1,2,3,4,7,8-HxCDD (hexachlorinated dibenzo-
p-dioxin), 13C12-2,3,4,7,8-PeCDF (pentachlorinated dibenzofu-
ran), 13C12-1,2,3,4,7,8-HxCDF (hexachlorinated dibenzofuran) and
13C12-1,2,3,4,7,8,9-HpCDF (heptachlorinated dibenzofuran). The
recoveries of PCDD/F surrogate standards met the criteria within
70–130%. To ensure the free contamination of the collected sam-
ples, one trip blank and one field blank were also taken during the
field sampling was conducted. The glass cartridges were spiked
with a known amount of surrogate standard in the laboratory
prior to the field sampling being conducted. Trip blanks and field
blanks were below detection limit. Furthermore, we have run
tunnel blanks. The PCDD/F concentrations of tunnel blanks were
below detection limit. Therefore, it can be assumed that clean
ambient air is free of background PCDD/Fs and there is no ther-
mophoretic loss of PCDD/Fs to the tunnel wall during engine
testing.

2.3. Analytic method

Each filter sample was weighed again using electronic analyt-
ical balance with fully automatic calibration technology (AT200,
Mettler, Switzerland) to determine the net mass of the partic-
ulate matter (PM) collected. For THC analysis, each sample was
analyzed with a flame ionization detector (FID) (Model 404, Rose-
mount, UK). For CO/CO2 analysis, each sample was analyzed using a
non-dispersive infrared detector (NDIR) (Model 880A, Rosemount,
UK). For NOx analysis, each sample was analyzed by chemilumi-
nescent detection (CLD) (Model 404, Rosemount, UK). Analyses

of PCDD/F samples followed the U.S. EPA Modified Method 23
and EPA Reference Method T09A. All chemical analyses were con-
ducted at the Super Micro Mass Research and Technology Center
at Cheng Shiu University – an accredited laboratory in Taiwan
for analyzing PCDD/Fs. Each collected sample was spiked with a
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Fig. 1. A schematic o

nown amount of the internal standard. After being extracted for
4 h, the extract was concentrated, treated with concentrated sul-
uric acid, and then subjected to a series of sample cleanup and
ractionation procedures. The eluate was concentrated to ∼1 mL,
ransferred to a vial, and then further concentrated to nearly dry-
ess by using a nitrogen stream. Prior to PCDD/F analysis, the
tandard solution was added to the sample to ensure the recovery
uring the analysis. A high-resolution gas chromatograph/high-
esolution mass spectrometer (HRGC/HRMS) was used to analyze
7 PCDD/F species. The HRGC (Hewlett Packard 6970 Series gas,
A, USA) was equipped with a DB-5 fused silica capillary column
L = 60 m, ID = 0.25 mm, film thickness = 0.25 �m) (J&W Scientific,
A, USA) and splitless injection. Helium was employed as the carrier
as. The HRMS (Micro Mass Autospec Ultima, Manchester, UK) was
quipped with a positive electron impact (EI+) source. The analyzer
ode of selected ion monitoring (SIM) had a resolving power of

0,000. The electron energy and source temperature were at 35 eV
nd 250 ◦C, respectively. The toxic equivalent quantity of PCDD/Fs is
iven by I-TEQ =

∑
XiIi, where I-TEQ denotes the international toxic

quivalent quantity, Xi represents the concentration of PCDD/F con-
eners, and Ii is the international toxic equivalent factor of each
CDD/F congener (I-TEF) [33]. All PCDD/Fs were above the detection
imit.

. Results and discussion

.1. Fuel specifications

Mean sulfur and total poly-aromatics in PDF were 30 ppmw
parts per million by weight) and 0.5 wt%, respectively. Mean sul-
ur and total poly-aromatics in B20 were 23 ppmw and 0.4 wt%,
espectively. Mean sulfur and total poly-aromatic content in B100,
P9505, and BP8020 were less than the detected limit (10 ppmw

nd 0.1 wt%, respectively). Lower PAH contents in fuel caused lower
AH emissions in our previous studies [9,34,35], so PAH reduc-
ions in diesel-engine emissions are expected with the use of these
lternative fuels instead of PDF in HDDEs. Similar results may be
xpected with regard to SOx emission. Higher density could cause
ampling equipment.

longer liquid penetration for biodiesel. The boiling point, which
is important for air–fuel mixing, is generally higher for biodiesel.
Higher boiling point may lead to a longer penetration [36]. From
the results of viscosity, it shows that all the fuels have permissible
viscosities for diesel engines. The viscosity of B100 was 1.54 times
higher than that of PDF. High viscosity may influence spray devel-
opment and droplet atomization as well as injection dynamics.
Another important property is the cetane number, which greatly
affects the auto-ignition characteristics. Further details of the fuels
are given in Table 2.

3.2. Emissions of traditional pollutants

The emission factors of traditional air pollutants in HDDE
exhaust are presented in Table 3. Particulate matter (PM) emitted
from engines is comprised of three major components: soot formed
during combustion, heavy hydrocarbons condensed or absorbed
by the soot, and sulfates. The boiling point of a fuel is important
for air–fuel mixing. A higher boiling point may also lead to longer
penetration, resulting in more fuel impingement and poorer com-
bustion. In addition, and as suggested above, high viscosity may
influence spray development and droplet vaporization [36]. The
90% boiling point (T90) and viscosity of PDF were lower than those
of B20, B100, BP9505 and BP8020, indicating that in theory PDF
evaporated and atomized more easily than the other fuels. How-
ever, we found that emissions of THC, CO, and PM for biodiesel
blends were lower than those for PDF, and that the CO2 emissions
were higher. The above results suggest that palmbiodiesel, an oxy-
genated fuel, caused B20, B100, BP9505, and BP8020 to be burn
more easily than PDF. Compared with PDF, the mean reductions
of THC were 2.51%, 36.6%, 13.6%, and 23.3% for B20, B100, BP9505,
and BP8020, respectively. For CO, they were 15.5%, 20.3%, 27.2%,

and 28.3%, respectively. For PM, they were 13.8%, 33.5%, 21.3%,
and 34.2%, respectively. However, the mean increases of CO2 were
7.62%, 10.7%, 4.55%, and 4.11% for B20, B100, BP9505, and BP8020,
respectively, when compared with PDF. No significant differences
were found in NOx emissions.
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Table 2
Specifications of the test fuels.

Fuel parameter PDFa B20b B100c BP9505d BP8020e Analytic method

Density (g mL−1 at 15 ◦C) 0.832 0.833 0.875 0.790 0.802 ASTMf D4052
Viscosity (cSt at 40 ◦C) 2.72 2.88 4.18 3.57 3.42 ASTM D445
Cetane number 56.0 54.8 63.7 >65 >65 ASTM D613
Carbon residue (wt%) 0.06 0.06 0.05 0.05 0.05 ASTM D542
Distillation, T90 (◦C) 317 328 335 337 339 ASTM D86
Ash (wt%) 0.001 0.001 0.001 0.001 0.001 ASTM D482
Sulfur content (ppmw) 30 23 NDg (<10) ND (<10) ND (<10) ASTM D2622
Poly-aromatic content (wt%) 0.5 0.4 ND (<0.1) ND (<0.1) ND (<0.1) ASTM D6591
Chloride content (ppbw) 275 214 ND (<50) ND (<50) ND (<50) ASTM D4929
Residue (vol%) 0.03 0.02 0.02 0.01 0.02 ASTM D2709
Corrosiveness, 3 h at 50 ◦C 1a 1a 1a 1a 1a ASTM D130

a Premium diesel fuel as base fuel.
b 20% palmbiodiesel + 80% PDF.
c 100% palmbiodiesel.
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d 95% paraffinic fuel + 5% palmbiodiesel.
e 80% paraffinic fuel + 20% palmbiodiesel.
f American Society for Testing and Materials.
g Not detected.

.3. PCDD/F concentrations and congener profiles in the exhaust
f HDDEs

The PCDD/F concentrations in HDDE exhaust are listed in
able 4. PCDD/F emissions from the Cummins B5.9-160 HDDE fol-
ow the order of PDF > B20 > B100 > BP8020 > BP9505. Compared

ith PDF, PCDD/F reductions were (32.9%, 43.0%), (80.3%, 85.1%),
88.9%, 93.0%), and (86.1%, 91.7%) for B20, B100, BP9505, and
P8020, respectively. Previous research indicated that PCDD/F pre-
ursors form when organic or inorganic chlorine ions (Cl−) are
resent [37]. PCDD/Fs also form due to the reactions between ben-
ene and inorganic Cl− [29]. In general, PCDD/F formation rates are
elated to chlorine concentrations [38]. Emissions of HC and PAHs
ay be consistent with the role of aromatic precursors in the for-
ation of PCDD/Fs [6]. The results in Table 2 show that no PAH and

hlorine were present in palmbiodiesel and paraffinic fuel. More-
ver, THC was reduced by use of palmbiodiesel/PDF blends and
almbiodiesel/paraffinic fuel blends (Table 3). Thus, PCDD/F reduc-
ions may be attributed to no PAH and chlorine being present in
almbiodiesel and paraffinic fuel, but 0.5 wt% and 275 ppbw were
ound in PDF, respectively. Notably, the ratios of PCDDs/PCDFs were
ll <1.0 (Table 4), indicating that the main PCDD/Fs emitted from
DDEs were PCDFs not PCDDs. The ratios of toxic PCDDs/PCDFs
ere all <1.0, indicating the main I-TEQ PCDD/Fs emitted from

DDEs were also PCDFs and not PCDDs. Palmbiodiesel/paraffinic

uel blends thus decreased PCDD/F emissions by 86.1–88.9% and
oxic PCDD/F emissions by 91.9–93.0%. Therefore, using biodiesel
lends instead of PDF, particularly BP9505 or BP8020, significantly
educed PCDD/F emissions.

able 3
mission factors of traditional pollutants from the Cummins B5.9-160 HDDE.

Test fuels Traditional pollutants (g BHP−1 h−1)

THC CO CO2

Mean SDa Mean SD Me

PDFb 0.279 0.0159 1.941 0.0581 682
B20c 0.272 0.00849 1.641 0.0816 734
B100d 0.177 0.00631 1.547 0.0248 755
BP9505e 0.241 0.00557 1.414 0.0641 713
BP8020f 0.214 0.00195 1.391 0.0485 710

a Standard deviation.
b Premium diesel fuel as base fuel.
c 20% palmbiodiesel + 80% PDF.
d 100% palmbiodiesel.
e 95% paraffinic fuel + 5% palmbiodiesel.
f 80% paraffinic fuel + 20% palmbiodiesel.
Fig. 2. PCDD/F congener profiles in the exhaust of the Cummins B5.9-160 HDDE.

There are 75 PCDDs and 135 PCDFs differentiated from each
other by the number and location of chlorine atom addition. The
mixture of PCDD/Fs can be translated into profiles (mass fractions)
representing the distribution of individual PCDD/Fs, as shown in
Fig. 2, in which the y coordinate is the concentration of each con-
gener divided by the sum concentration of the seventeen PCDD/Fs.

As can be seen from the figure, the PCDD/F congener patterns were
similar. For the Cummins B5.9-160 HDDE, the four predominant
species of PDF were OCDF (20.0%), OCDD (18.2%), 2,3,7,8-
TeCDF (8.99%), and 1,2,3,4,6,7,8-HpCDF (7.75%). They were OCDF

NOx PM

an SD Mean SD Mean SD

31.1 5.05 0.179 0.114 0.00363
22.3 5.02 0.227 0.0983 0.00555
31.6 4.95 0.139 0.0758 0.00370
33.5 4.96 0.241 0.0897 0.00380
20.6 5.02 0.270 0.0750 0.00368
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Table 4
PCDD/F concentrations from the Cummins B5.9-160 HDDE.

PCDD/F (pg m−3) Test fuels I-TEFa

PDFb B20c B100d BP9505e BP8020f

Mean SDg Mean SD Mean SD Mean SD Mean SD

2,3,7,8-TeCDD 0.304 0.0134 0.225 0.0196 0.0708 0.00382 0.0472 0.00350 0.0503 0.00532 1
1,2,3,7,8-PeCDD 1.53 0.108 0.823 0.0622 0.0936 0.00887 0.0385 0.000930 0.0417 0.00116 0.1
1,2,3,4,7,8-HxCDD 0.596 0.0303 0.148 0.0121 0.0714 0.00636 0.0361 0.00146 0.0462 0.00331 0.5
1,2,3,6,7,8-HxCDD 0.762 0.0359 0.167 0.0125 0.108 0.00607 0.0512 0.00126 0.0593 0.00627 0.05
1,2,3,7,8,9-HxCDD 0.797 0.0486 0.162 0.00929 0.0899 0.00312 0.0386 0.00169 0.0399 0.00170 0.5
1,2,3,4,6,7,8-HpCDD 2.54 0.101 1.84 0.188 0.755 0.0671 0.487 0.0433 0.554 0.0472 0.1
OCDD 6.88 0.306 4.84 0.540 1.88 0.161 1.26 0.0125 1.49 0.130 0.1
2,3,7,8-TeCDF 3.40 0.140 2.73 0.249 0.328 0.0167 0.142 0.0134 0.247 0.0164 0.1
1,2,3,7,8-PeCDF 1.30 0.0383 0.444 0.0464 0.187 0.0153 0.127 0.0142 0.146 0.00733 0.1
2,3,4,7,8-PeCDF 1.67 0.126 0.758 0.0675 0.387 0.0341 0.172 0.0185 0.197 0.0178 0.1
1,2,3,4,7,8-HxCDF 1.73 0.115 1.25 0.106 0.192 0.0104 0.0471 0.00523 0.0483 0.00128 0.1
1,2,3,6,7,8-HxCDF 1.73 0.0764 1.24 0.0647 0.195 0.00779 0.0367 0.00346 0.0391 0.00351 0.1
1,2,3,7,8,9-HxCDF 0.237 0.0121 0.142 0.0146 0.0278 0.00284 0.00962 0.000964 0.0117 0.00119 0.01
2,3,4,6,7,8-HxCDF 1.70 0.103 1.25 0.0492 0.264 0.0201 0.129 0.00849 0.130 0.00663 0.01
1,2,3,4,6,7,8-HpCDF 2.93 0.0953 1.19 0.0928 0.991 0.105 0.609 0.0250 0.895 0.0920 0.01
1,2,3,4,7,8,9-HpCDF 2.11 0.135 1.11 0.101 0.107 0.0100 0.0727 0.00786 0.0811 0.00292 0.001
OCDF 7.58 0.319 7.06 0.382 1.69 0.0701 0.912 0.0627 1.17 0.0261 0.001

PCDDs 13.4 0.561 8.21 0.774 3.07 0.252 1.96 0.0601 2.28 0.149 –
PCDFs 24.4 0.912 17.2 1.03 4.36 0.250 2.26 0.121 2.97 0.145 –
PCDDs/PCDFs 0.550 0.0134 0.478 0.0272 0.703 0.0173 0.866 0.0199 0.769 0.0237 –
Total PCDD/Fs 37.8 1.41 25.4 1.73 7.43 0.501 4.21 0.181 5.25 0.286 –

PCDDs (pg I-TEQ m−3) 1.32 0.0686 0.707 0.0451 0.154 0.00989 0.0852 0.00422 0.0927 0.00742 –
PCDFs (pg I-TEQ m−3) 1.84 0.0979 1.09 0.0839 0.316 0.0229 0.137 0.0123 0.164 0.0107 –
PCDDs/PCDFs 0.718 0.0251 0.648 0.0153 0.487 0.0223 0.624 0.0430 0.564 0.0340 –
Total PCDD/Fs (pg I-TEQ m−3) 3.16 0.157 1.80 0.128 0.470 0.0314 0.222 0.0152 0.257 0.0168 –

a Ref. [33].
b Premium diesel fuel as base fuel.
c 20% palmbiodiesel + 80% PDF.
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f 80% paraffinic fuel + 20% palmbiodiesel.
g Standard deviation.

27.8%), OCDD (19.1%), 2,3,7,8-TeCDF (10.8%), and 1,2,3,4,6,7,8-
pCDD (7.26%) for B20. They were OCDD (25.3%), OCDF (22.7%),
,2,3,4,6,7,8-HpCDF (13.3%), and 1,2,3,4,6,7,8-HpCDD (10.2%) for
100. They were OCDD (29.8%), OCDF (21.6%), 1,2,3,4,6,7,8-HpCDF
14.5%), and 1,2,3,4,6,7,8-HpCDD (11.6%) for BP9505. Finally, they
ere OCDD (28.4%), OCDF (22.3%), 1,2,3,4,6,7,8-HpCDF (17.0%),

nd 1,2,3,4,6,7,8-HpCDD (10.5%) for BP8020. In general, OCDD and
CDF account for 40–50% of total PCDD/Fs. Similar results were

ound that main species of PCDD/Fs emitted from the diesel engine
ere OCDD, OCDF, 1,2,3,4,6,7,8-HpCDF, and 1,2,3,4,6,7,8-HpCDD

13,14,39]. However, Gullett and Ryan [16] concluded that main
pecies of PCDD/Fs emitted from heavy-duty diesel vehicles were
CDD and TCDF. The difference may be attributed to test engines
nd mode.

.4. PCDD/F emission factors and annual emissions

The emission factors of PCDD/Fs were calculated and are shown
n Table 5. The PCDD/F emission factors of the Cummins B5.9-
60 HDDE fuelled with PDF were 17.2 ng L−1 and 1.43 ng I-TEQ L−1.
hang et al. [14] concluded that PCDD/F emission factor of the test
DDE is 0.550 ng I-TEQ L−1 when it was tested under 90 km h−1.
urthermore, studies have found that high load and new engines
ause lower PCDD/F emissions due to better combustion, with
CDD/F emissions ranging from 0.024 to 0.550 ng I-TEQ L−1 due
o different steady-state procedures and vehicles [13–16]. Com-

ared with PDF, mean reductions of PCDD/Fs from the exhaust
f the Cummins B5.9-160 HDDE were 25.6%, 81.7%, 88.8%, and
6.2% for B20, B100, BP9505, and BP8020, respectively. In addition,
ompared with PDF, the mean reductions of toxic PCDD/Fs from
he exhaust of the Cummins B5.9-160 HDDE were 36.8%, 86.1%,
92.9%, and 91.9% for B20, B100, BP9505, and BP8020, respectively.
The results of the experiment indicate that emissions of PCDD/Fs
can be reduced dramatically by fuelling HDDEs with BP9505 and
BP8020. The annual diesel fuel consumption of diesel-engine vehi-
cles was estimated to be around 4.5 × 109 L in Taiwan in 2009.
Based on our sampling results, the PCDD/F emissions from diesel
engines were thus 6.44 g I-TEQ year−1 (=1.43 × (4.5 × 109) × 10−9).
Therefore, using BP9505 and BP8020 instead of PDF can decrease
this by 5.93 and 5.99 g I-TEQ year−1, respectively. Similar trends
for mean reductions of PCDD/F emissions in pg BHP−1 h−1 were
found. Compared with PDF, mean reductions of PCDD/Fs from
the exhaust of the Cummins B5.9-160 HDDE were 22.1%, 78.4%,
88.1%, and 85.0% for B20, B100, BP9505, and BP8020, respec-
tively. In addition, compared with PDF, mean reductions of toxic
PCDD/Fs from the exhaust of the Cummins B5.9-160 HDDE were
33.8%, 83.6%, 92.5%, and 91.2% for B20, B100, BP9505, and BP8020,
respectively.

3.5. Brake specific fuel consumption

Details of the brake specific fuel consumption (BSFC) for the test
fuels are shown in Table 6. Compared with PDF, the mean increases
in BSFC were 5.06%, 24.0%, 0.774%, and 5.06% for B20, B100, BP9505
and BP8020, respectively. In addition, the BSFC of B100 was inferior
to that of PDF, likely due to the fact that the density and viscos-
ity of B100 are much higher than those of PDF, B20, BP9505 and

BP8020, resulting in poor fuel atomization and combustion. Sim-
ilar results were found with BSFC in L BHP−1 h−1. Compared with
PDF, the mean increases of BSFC were 4.93%, 17.9%, 6.13%, and 8.99%
for B20, B100, BP9505 and BP8020, respectively. However, this was
compensated for by the higher density of palmbiodiesel and lower
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Table 5
PCDD/F emission factors from the Cummins B5.9-160 HDDE.

PCDD/Fs Test fuels

PDFa B20b B100c BP9505d BP8020e

Mean SDf Mean SD Mean SD Mean SD Mean SD

ng L−1 17.2 0.259 12.8 0.593 3.14 0.112 1.93 0.109 2.37 0.00572
ng I-TEQ L−1 1.43 0.0470 0.904 0.0399 0.199 0.00774 0.101 0.00809 0.116 0.00398
pg BHP−1 h−1 4367 159 3404 235 943 63.6 519 22.3 657 35.8
pg I-TEQ BHP−1 h−1 364 17.5 241 17.3 59.7 3.98 27.3 1.87 32.2 2.10

a Premium diesel fuel as base fuel.
b 20% palmbiodiesel + 80% PDF.
c 100% palmbiodiesel.
d 95% paraffinic fuel + 5% palmbiodiesel.
e 80% paraffinic fuel + 20% palmbiodiesel.
f Standard deviation.

Table 6
Brake specific fuel consumption (BSFC) for the test fuels.

BSFC Test fuels

PDFa B20b B100c BP9505d BP8020e

Mean SDf Mean SD Mean SD Mean SD Mean SD

g BHP−1 h−1 211 5.17 222 6.39 262 8.25 213 2.93 222 7.04
L BHP−1 h−1 0.254 0.00621 0.267 0.00767 0.300 0.00942 0.270 0.00371 0.277 0.00877

a Premium diesel fuel.
b 20% palmbiodiesel + 80% PDF.
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c 100% palmbiodiesel.
d 95% paraffinic fuel + 5% palmbiodiesel.
e 80% paraffinic fuel + 20% palmbiodiesel.
f Standard deviation.

ensity of paraffinic fuel in the volumetric injection system. Thus,
ifferences in volumetric consumption between diesel and palm-
iodiesel became smaller, but became larger between diesel and
araffinic fuel. Compared with other studies, it was found that
he increases in BSFC for B20, BP9505, and BP8020 were lower
han those for soybean-biodiesel (18% by Haas et al. [40]; 13.8% by

onyem and Van Gerpen [20]), soapstock-biodiesel (18% by Haas
t al, 2001 [40]), brassica-carinate biodiesel (>9% by Cardone et al.
23]), rapeseed-biodiesel (>9% by Cardone et al. [23]), and coconut
il (>40% by Kalam et al. [26]), except for B100.

. Conclusion

The present paper shows using biodiesel blends instead of PDF,
articularly BP9505 or BP8020, significantly reduced emissions of
CDD/Fs and traditional pollutants. Compared with PDF, PCDD/F
eductions were (32.9%, 43.0%), (80.3%, 85.1%), (88.9%, 93.0%), and
86.1%, 91.7%) for B20, B100, BP9505, and BP8020, respectively,
s there was no PAH or chlorine in the palmbiodiesel and paraf-
nic fuel. Conclusively, paraffinic–palmbiodiesel blends decreased
CDD/Fs by 86.1–88.9%, toxic PCDD/Fs by 91.9–93.0%, THC by
3.6–23.3%, CO by 27.2–28.3%, and PM by 21.3–34.2%, respec-
ively. In addition, using BP9505 and BP8020 instead of PDF could
ecrease PCDD/F emissions by 5.93 and 5.99 g I-TEQ year−1 in Tai-
an, respectively. In our previous study, we found that there was
o significant difference in unusual operations and damage from
eposits inside the chamber and the inferior condition of engine
il for 18,000 km [28]. However, further investigation of long term
se of palmbiodiesel-diesel blends and paraffinic–palmbiodiesel
lends instead of diesel in diesel engines is desired.
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