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Background 
•  Increasing stringent emission legislation (Euro V, VI)  

• Heavy dependent on after treatment devices: selective 
catalytic reaction (SCR), diesel particulate filter (DPF), et 
al. (precious metal)  

• Cost-effectiveness for retrofitting engine (maintenance)  
• Dual-fuel diesel engine as a compromising strategy (non-

soot gas) 
• Biodiesel fueled diesel engine  
• Conventional dual-fuel engine  
• Diesel-natural gas (NG) (Sichuan, China)  



Background 
• Drawbacks of conventional dual-fuel C.I. engine  
  For example, Diesel-LPG & Diesel-NG  

v Secondary pollution: unburned CH4, C3H8, C4H10, CO et 
al. 

v Higher NOx emission at higher loads 
v Lower thermal efficiency at lower loads 
v Dependent on fossil fuel (LPG)  

• Diesel (Biodiesel)-Hydrogen??  



Background 
• Hydrogen fuel properties  
Ø Carbon-free H-H >> non-soot  
Ø High flame propagation speed 170 cm/s >> fast burning 

rate  
Ø High diffusivity 0.61 cm2/s >> homogenous mixture  
Ø High heating value LHV=119.93 MJ/kg >> high power  
Ø High Octane number RON>120 >> high compression 

ratio  
Ø High auto-ignition temperature 858K >> high CR  
Ø Wide flammability limits 4~75% in air >> ultra lean burn  
Ø Low ignition energy 0.02 mJ >> backfire, pre-ignition  
Ø Small quenching distance 0.64mm >> surface ignition  
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Background 
• Hydrogen combustion modes  
Ø Mode 1:Hydrogen assisted combustion  
Ø Mode 2:Hydrogen dual-fuel combustion  
Ø Mode 3:Hydrogen direct injection and combustion  

• Hydrogen supplementation methods  
Ø Intake port aspiration (Mode 1, mode2)  
Ø Intake port/manifold injection (Mode 1, mode 2)  
Ø Direct injection (Mode 3, liquefied hydrogen )  
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hydrogen is 270 cm/s that may cause a very high rate of cylinder
pressure rise. The diffusivity of hydrogen is 0.63 cm2/s. As the
hydrogen self-ignition temperature is 858 K, compared to diesel of
453 K, it allows a larger compression ratio to be used for hydrogen
in internal combustion engine [10].

3. Experimental setup and procedure

The engine used for the investigation was a four stroke water-
cooled, single cylinder, direct injection, vertical diesel engine
developing a rated power of 3.78 kW at a rated speed of 25 rps. The
engine was coupled to an electrical dynamometer and resistance
loading. The technical specifications of the engine are given in Table 1.
A solenoid-operated hydrogen gas injector was fitted onto the
engine cylinder head. The cross-section of the hydrogen injector is
shown in Fig. 1. The hydrogen injector was placed just above the
intake valve at a distance of 15 mm from the intake valve seating
position [11,12]. The position of the injector on the manifold is
shown in Fig. 2 and Fig. 3 shows the photographic view.

Fig. 4 shows the schematic of the experimental setup. The
hydrogen stored in a high-pressure storage tank at a pressure of
150 bar at 32 !C was reduced to a pressure of 1.4 bar by a pressure
regulator. A fine control valve was used to adjust the flow rate of

hydrogen. A digital mass flow controller (DFC) Aalborg DFC 46 was
used to meter the flow of hydrogen in terms of standard liters per
minute. Since the hydrogen flow to the injector should be free from
any impurities a filter was used [13]. A flame arrestor that also acts
as a non-return valve was provided to suppress any possible fire
hazard in the system. In addition a flame trap that consists of wire
mesh was used.

To detect the leakage of hydrogen, Finch Mono II, portable single
gas monitor made by Infitron Inc., Korea, was used. An infrared
sensor was used to give the signal to the ECU for the injector
opening and the duration based on the preset timing [14,15]. The
injection timing and injection duration can be varied within
a specified range. For determining the optimum injection duration
for hydrogen the injector opening timing was set at 5! CA BTDC. The
duration of the hydrogen injection was varied at different crank
angles such as 30!, 60! and 90!. The inlet valve opening timing of
4.5! BTDC was taken as the initial reading. The hydrogen flow rates
were also varied such as 2, 3.5, 5.5, 7.5, and 9.5 l/min. The optimum
flow rate of 5.5 l/min and injection duration of 30! crank angle were
obtained based on the performance and emission characteristics.
All the tests were carried out under these optimized conditions.

The cylinder pressure was measured using a Kistler water-
cooled pressure transducer. The sensing element was located in
a hole drilled through the cylinder head into the combustion
chamber. The sensing element consists of a diaphragm, which
deflects under pressure. This deflection was converted into voltage,

Table 1
Engine specifications

Type Compression ignition
No. of cylinders One
Bore 80 mm
Stroke 110 mm
Speed 1500 rpm
Rated power 3.7 kW at 1500 rpm
Compression ratio 16.5:1
Type of cooling Water cooled
Injection timing 23! BITDC

Fig. 1. Hydrogen gas injector.

Fig. 2. Schematic layout of the manifold injector.

Fig. 3. Photographic view of the manifold injector.
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is set so that the total excess
oxygen ratio becomes 2. The
injection timing of hydrogen is
set at the top dead center
where in-cylinder pressure
reaches its maximum. Mixing
and combustion processes are
observed from in-cylinder 
pressure, piston stroke, needle
lift, framing photographs and
exhaust gas analysis as well as
other required signals.

EXPERIMENTAL SETUP

The experimental setup allows
a variety of operations under
different conditions. The RCEM
can simulate single
compression and expansion
strokes of a practical reciprocating engine. The combustion
chamber has a bore of 100mm and the maximum stroke is controlled injection nozzle for pressurized hydrogen, shown
120mm. The electro-hydraulic- controlled piston provides in Figure 3, is mounted. This type of injection nozzle allows
variable compression ratios up to around 10. The piston single-shot injection, tight sealing and flexible injection
speed corresponds to 1000rpm of a modeled engine. The timing and period. Hydrogen is compressed by a piston
temperatures of cylinder liner and piston are controlled to compressor and buffered in a small tank before the nozzle
80 degrees Celsius. Charged pressures are 0.1, 0.2 and of diameter of 0.7mm. The hydrogen injection pressure are
0.3MPa for hydrogen jet observations and 0.1MPa for 10, 15 and 20Mpa for hydrogen penetration analysis and
combustion tests. The combustion chamber, shown in 10Mpa for combustion tests. After combustion the exhaust
Figure 2, is made up of a mirror top piston, a piston round, gas is analyzed with a gas chromatograph attached to the
a cylinder liner and a quartz head-cum-window enabling exhaust line to obtain concentrations of residual hydrogen,
optical access to the chamber for the shadowgraphy. oxygen and nitrogen.
Processes of injection and ignition are observed with an The main measuring data include in-cylinder pressure,
image converting  mercury lamp through the quarts window piston displacement giving the in-cylinder volume and
to the mirror top piston. The reflection is then led to the temperature, and needle lift, as shown in Figure4, as well
camera via a half mirror before the window. On the upper as the charged pressure before compression, hydrogen
side of the camera  at frame rates of 6000fps and 12000fps injection pressure, the amount of hydrogen injected, the
and an exposure time of 40µs. A light of 1000W is supplied
from a combustion chamber an original electro-hydraulic-

temperatures of cylinder liner and piston, the photographs
of  hydrogen jet, mixing and self-ignition images and
exhaust gas composition. Based on these data, obtained
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compression and expansion
strokes of a practical reciprocating engine. The combustion
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120mm. The electro-hydraulic- controlled piston provides in Figure 3, is mounted. This type of injection nozzle allows
variable compression ratios up to around 10. The piston single-shot injection, tight sealing and flexible injection
speed corresponds to 1000rpm of a modeled engine. The timing and period. Hydrogen is compressed by a piston
temperatures of cylinder liner and piston are controlled to compressor and buffered in a small tank before the nozzle
80 degrees Celsius. Charged pressures are 0.1, 0.2 and of diameter of 0.7mm. The hydrogen injection pressure are
0.3MPa for hydrogen jet observations and 0.1MPa for 10, 15 and 20Mpa for hydrogen penetration analysis and
combustion tests. The combustion chamber, shown in 10Mpa for combustion tests. After combustion the exhaust
Figure 2, is made up of a mirror top piston, a piston round, gas is analyzed with a gas chromatograph attached to the
a cylinder liner and a quartz head-cum-window enabling exhaust line to obtain concentrations of residual hydrogen,
optical access to the chamber for the shadowgraphy. oxygen and nitrogen.
Processes of injection and ignition are observed with an The main measuring data include in-cylinder pressure,
image converting  mercury lamp through the quarts window piston displacement giving the in-cylinder volume and
to the mirror top piston. The reflection is then led to the temperature, and needle lift, as shown in Figure4, as well
camera via a half mirror before the window. On the upper as the charged pressure before compression, hydrogen
side of the camera  at frame rates of 6000fps and 12000fps injection pressure, the amount of hydrogen injected, the
and an exposure time of 40µs. A light of 1000W is supplied
from a combustion chamber an original electro-hydraulic-

temperatures of cylinder liner and piston, the photographs
of  hydrogen jet, mixing and self-ignition images and
exhaust gas composition. Based on these data, obtained
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• Hydrogen supplementation methods 
Ø Intake port aspiration (Mode 1, mode2)  
Ø Intake port/manifold injection (Mode 1, mode 2)  
Ø Direct injection (Mode 3)  
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the excess reactant (DM, lim>DM, exc), it will reach a bulge of the
flame front into the unburned gases more quickly and cause a local
shift in mixture ratio. As in this case, the more diffusive reactant is
the limiting reactant, the local mixture ratio will shift so that it is
nearer to stoichiometry, and the local flame speed will increase.
Thus, a perturbation is amplified and the resulting instability is
termed a preferential diffusion instability. This mechanism is easily
illustrated by the propensity of rich heavier-than-air fuels (e.g.,
propane/air [40], iso-octane/air [41]) and lean lighter-than-air fuels
(e.g., methane/air [42,43], hydrogen/air [40]) to develop cellular
flame fronts (see also the review paper by Hertzberg [21]). The
selective diffusion of reactants can be viewed as a stratification of
the mixture [44].

Both mechanisms involving unequal diffusivities are sometimes
called differential diffusion instabilities, or instabilities due to non-
equidiffusion.

In reality, all mechanisms described above are simultaneously
present. Disturbances of a flame front causing it to deviate from
a steady planar flame can be summarized in one scalar parameter,
the rate of flame stretch, a, which is defined as the normalized rate-
of-change of an infinitesimal area element of the flame:

a ¼ 1
A

dA
dt

(2)

The combined effect of the instability mechanisms is dependent
on the magnitude of the stretch rate. For instance, thermo-diffu-
sively stable spherically expanding flames start out smooth, as the
stretch rate is initially high enough for thermo-diffusion to stabilize
the flame against hydrodynamic instability. For small to moderate
rates of stretch, the effect of stretch on the burning velocity can be
expressed to first order [37] by:

ul " un ¼ La (3)

where the subscript ‘‘n’’ denotes the stretched value of the normal
burning velocity, and L is a Markstein length. Depending on the sign

of L and whether the flame is positively or negatively stretched, the
actual burning velocity can be increased or decreased compared to
the stretch-free burning velocity, ul. A positive Markstein length
indicates a diffusionally stable flame, as flame stretch decreases the
burning velocity. Any disturbances (wrinkles) of the flame front
will thus tend to be smoothed out. A negative Markstein length
indicates an unstable flame. A perturbation of the flame front will
then be enhanced, and such flames quickly develop into cellular
structures. The Markstein length is also a physicochemical param-
eter that embodies the effect of a change in flame structure when
the flame is stretched. Thus, when measuring burning velocities, it
is important that this is done at a well-defined stretch rate and the
Markstein length is simultaneously measured so that the stretch-
free burning velocity can be calculated. It has taken a while for the
effects of stretch to be understood and for measuring methodolo-
gies to be developed that could take the effects into account.
As illustrated in the following section, this is the main reason for
the large spread in the reported data on hydrogen mixture burning
velocities throughout the years.

2.2.2. The laminar burning velocity at atmospheric conditions
Contemporary reviews of data and correlations for the laminar

burning velocity of hydrogen–air mixtures show a wide spread of
experimental and numerical results [45,46]. Fig. 2 plots laminar
burning velocities against the equivalence ratio for hydrogen–air
mixtures at normal pressure and temperature (NTP). Note the large
difference in burning velocities, with stoichiometric burning
velocities varying from 2.1 m/s up to 2.5 m/s, with even larger
differences for the lean mixtures (e.g., for l¼ 2 from 56 cm/s to
115 cm/s). The cause of this large spread can be found in the
influence of the flame stretch rate on experimentally observed
burning velocities.

The solid symbols in Fig. 2 denote stretch-free burning velocities
(or rather, burning velocities that were corrected to account for the
effects of the flame stretch rate), as measured by Taylor [47],
Vagelopoulos et al. [48], Kwon and Faeth [49] and Verhelst et al.
[50]. The open symbols denote other measurements that did not
take stretch rate effects into account, as reported by Liu and Mac-
Farlane [51], Milton and Keck [52], Iijima and Takeno [53] and
Koroll et al. [54]. These experiments result in consistently higher
burning velocities, with the difference increasing for leaner
mixtures.

Table 3
Theoretical power densities of hydrogen-, methane- and iso-octane-fueled engines.

Hydrogen Methane Iso-octane

PFI 86% 92% 100%
DI 119% 100% 100%
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Fig. 2. Laminar burning velocities plotted against air-to-fuel equivalence ratio, for NTP hydrogen–air flames. Experimentally derived correlations from Liu and MacFarlane [51],
Milton and Keck [52], Iijima and Takeno [53] and Koroll et al. [54]. Other experimental data from Taylor [47], Vagelopoulos et al. [48], Kwon and Faeth [49] and Verhelst et al. [50].
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the excess reactant (DM, lim>DM, exc), it will reach a bulge of the
flame front into the unburned gases more quickly and cause a local
shift in mixture ratio. As in this case, the more diffusive reactant is
the limiting reactant, the local mixture ratio will shift so that it is
nearer to stoichiometry, and the local flame speed will increase.
Thus, a perturbation is amplified and the resulting instability is
termed a preferential diffusion instability. This mechanism is easily
illustrated by the propensity of rich heavier-than-air fuels (e.g.,
propane/air [40], iso-octane/air [41]) and lean lighter-than-air fuels
(e.g., methane/air [42,43], hydrogen/air [40]) to develop cellular
flame fronts (see also the review paper by Hertzberg [21]). The
selective diffusion of reactants can be viewed as a stratification of
the mixture [44].

Both mechanisms involving unequal diffusivities are sometimes
called differential diffusion instabilities, or instabilities due to non-
equidiffusion.

In reality, all mechanisms described above are simultaneously
present. Disturbances of a flame front causing it to deviate from
a steady planar flame can be summarized in one scalar parameter,
the rate of flame stretch, a, which is defined as the normalized rate-
of-change of an infinitesimal area element of the flame:

a ¼ 1
A

dA
dt

(2)

The combined effect of the instability mechanisms is dependent
on the magnitude of the stretch rate. For instance, thermo-diffu-
sively stable spherically expanding flames start out smooth, as the
stretch rate is initially high enough for thermo-diffusion to stabilize
the flame against hydrodynamic instability. For small to moderate
rates of stretch, the effect of stretch on the burning velocity can be
expressed to first order [37] by:

ul " un ¼ La (3)

where the subscript ‘‘n’’ denotes the stretched value of the normal
burning velocity, and L is a Markstein length. Depending on the sign

of L and whether the flame is positively or negatively stretched, the
actual burning velocity can be increased or decreased compared to
the stretch-free burning velocity, ul. A positive Markstein length
indicates a diffusionally stable flame, as flame stretch decreases the
burning velocity. Any disturbances (wrinkles) of the flame front
will thus tend to be smoothed out. A negative Markstein length
indicates an unstable flame. A perturbation of the flame front will
then be enhanced, and such flames quickly develop into cellular
structures. The Markstein length is also a physicochemical param-
eter that embodies the effect of a change in flame structure when
the flame is stretched. Thus, when measuring burning velocities, it
is important that this is done at a well-defined stretch rate and the
Markstein length is simultaneously measured so that the stretch-
free burning velocity can be calculated. It has taken a while for the
effects of stretch to be understood and for measuring methodolo-
gies to be developed that could take the effects into account.
As illustrated in the following section, this is the main reason for
the large spread in the reported data on hydrogen mixture burning
velocities throughout the years.

2.2.2. The laminar burning velocity at atmospheric conditions
Contemporary reviews of data and correlations for the laminar

burning velocity of hydrogen–air mixtures show a wide spread of
experimental and numerical results [45,46]. Fig. 2 plots laminar
burning velocities against the equivalence ratio for hydrogen–air
mixtures at normal pressure and temperature (NTP). Note the large
difference in burning velocities, with stoichiometric burning
velocities varying from 2.1 m/s up to 2.5 m/s, with even larger
differences for the lean mixtures (e.g., for l¼ 2 from 56 cm/s to
115 cm/s). The cause of this large spread can be found in the
influence of the flame stretch rate on experimentally observed
burning velocities.

The solid symbols in Fig. 2 denote stretch-free burning velocities
(or rather, burning velocities that were corrected to account for the
effects of the flame stretch rate), as measured by Taylor [47],
Vagelopoulos et al. [48], Kwon and Faeth [49] and Verhelst et al.
[50]. The open symbols denote other measurements that did not
take stretch rate effects into account, as reported by Liu and Mac-
Farlane [51], Milton and Keck [52], Iijima and Takeno [53] and
Koroll et al. [54]. These experiments result in consistently higher
burning velocities, with the difference increasing for leaner
mixtures.

Table 3
Theoretical power densities of hydrogen-, methane- and iso-octane-fueled engines.

Hydrogen Methane Iso-octane

PFI 86% 92% 100%
DI 119% 100% 100%
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Fig. 2. Laminar burning velocities plotted against air-to-fuel equivalence ratio, for NTP hydrogen–air flames. Experimentally derived correlations from Liu and MacFarlane [51],
Milton and Keck [52], Iijima and Takeno [53] and Koroll et al. [54]. Other experimental data from Taylor [47], Vagelopoulos et al. [48], Kwon and Faeth [49] and Verhelst et al. [50].
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Background 
•  Limitations 
•  Lack of study of the effect of hydrogen on the physiochemical 

properties of particulate  

•  Lack of study of the effect of hydrogen on unregulated gaseous 
emission  

Ø Both PM and unregulated emission are extremely toxic 
Ø Detailed characterization of PM is necessary for a better 

understanding of hydrogen dual-fuel combustion process  

•  Lack of study of the effect of hydrogen on diesel engine fueled 
with biodiesel and biodiesel-diesel blends  

Ø Biodiesel contains less polycyclic and aromatic compounds  
Ø Biodiesel has the potential to reduce both PM and unregulated 

emissions  
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Parameters Instruments & Manufactory 

Cylinder pressure Piezoelectric sensor, Kistler Inc.  
Total HC HFID, CAI Inc. 
NO/NOx HCLA, CAI Inc. 
CO/CO2 NDIR, CAI Inc. 
Smoke opacity Diesel tune smoke-meter, SPX DX.210 
Particle mass TEOM, Rupprecht&Patashnick Co., Inc. 
Particle number SMPS, TSI Inc. 
Hydrogen flow control Digital mass flow controller, Alicat Co. Inc. 
Unregulated gas IMR-GS, Airsense Inc. 
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Where,        and         are the mass flow rates of hydrogen and liquid fuel, 
in kg/h;            and            are the lower heating value of hydrogen and 
liquid fuel, in MJ/kg, respectively; T is the engine torque, in Nm; n is the 
engine speed in rev min-1 
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Physiochemical properties of DPM 
• Elemental/organic carbon content  
Ø EC: graphite, byproduct of incomplete combustion  
Ø OC: complex mixture of unburned fuel, oil  
Ø EC&OC are toxic, EC/OC fraction varies (load, fuel, 

engine et al.), PAHs in gas (OC) and particle phase (EC)  

•  Focus 
Ø Same liquid fuel, Engine load and H2 input variation  
   EC/OC content 
Ø Same H2 input, diesel and biodiesel and BD variation  
   EC/OC content  

Future plan 
• Elemental/organic carbon content 
! EC: graphite, byproduct of incomplete combustion 
! OC: complex mixture of unburned fuel, oil 
! EC&OC are toxic, EC/OC fraction varies (load, fuel, engine et 

al.), PAHs in gas (OC) and particle phase (EC) 
• Methods 
! Mass based 
" Thermogravimetirc analysis (TG analysis) 
! Number based 
" Thermodenuder (volatile organic carbon adsorber) 
! Gas based (EC/OC analyzer) 
" EC/OC analyzer 

EC 

OC 



Physiochemical properties of DPM 
• Particle-phase PAHs 
Ø Engine: 2-aromatic rings (gas-phase), 3~4-semi-volitile 

phase, 4~6 –particle-phase PAHs 

Future plan 
• Particle-phased PAHs 
! Engine: 2-aromatic rings (gas-phase), 3~4-aromatic 

rings(semi-volatile phase), 4~6 -aromatic rings (particle-
phase) 

! Ambient: Phase distribution, complicated process 

abundant diesel vehicle emissions. Ratios of fluoranthene to the
sum of fluoranthene and pyrene ([Flu/Flu þ Pyr]) were consistent
(0.41–0.45) in the Shing Mun Tunnel. The average ratio is the same
as Sicre et al. (1987) reported for automobile emissions (0.43).

3.2. Distribution of PAHs in the gas and particle phases

Fig. 2 shows the distribution of PAHs in the gas and particle
phases for summer and winter. The sum of two-ring (e.g., naph-
thalene) and three-ring (e.g., acenaphthylene, acenaphthene, flu-
orene, phenanthrene, and anthracene) PAHs accounted for w98% of
the total gas PAH concentrations, similar to findings of Westerholm
et al. (1991), with abundant gas-phase three-ring PAHs. Less than
2% and <1% of gas-phase PAHs had four rings (e.g., fluoranthene,
pyrene, benzo[a]anthracene, and chrysene, MW ¼ 202–228) and
five or six rings, respectively, due to their low vapor pressures.
Conversely, two- and three-ring PAHs accounted for <9% of the
particle PAHs, compared to w60%, w17%, and w10% for four-, five-,
and six-ring PAHs, respectively.

Similar gas/particle-phase distributions for individual PAHs
were found between summer and winter, with a few exceptions
shown in Fig. 3. For example, particulate anthracene increased from
8.5% to 13.6%, fluoranthene increased from 59.2% to 74.3%, and
pyrene increased from 69.5% to 76.0% from summer to winter. Sin
et al. (2003) found similar contrasts for ambient air samples in

Hong Kong. Lower temperatures in winter allow condensation of
volatile and semi-volatile PAHs onto pre-existing particles.

3.3. Emission factors

Average emission factors for gas- and particle PAHs are shown in
Table 2. Gas-PAHs emission factors ranged from 950 to 2563 mg per
vehicle kilometer (mg veh#1 km#1; average of 1551 $ 447 mg veh#1

km#1). Particle-PAH emissions factors ranged from 22.0 to 354.2 mg
veh#1 km#1 (average of 98 $ 80 mg veh#1 km#1). Gas-PAHs emission
factors were w15 times higher than particle-PAHs emission factors.
Emission factors for the five highest gas PAHs are: 1) acenaphthene, 2)
naphthalene, 3) acenaphthylene, 4) phenanthrene, and 5) fluorene;
and for the five highest particle PAHs are: 1) pyrene, 2) fluoranthene, 3)
chrysene, 4) phenanthrene, and 5) naphthalene. Elevated particle
emission factors were found for diesel and gasoline markers (e.g.,
fluoranthene, pyrene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyr-
ene), consistent with those reported in Ho et al. (2002) for vehicles
dominated roadside samples in Hong Kong.

Correlations (r) among total PAH emission factors are shown in
Table 3. The correlation coefficients (r) were 0.85 between fluo-
ranthene and pyrene (diesel markers) and 0.96 between benzo[ghi]-
perylene and indeno[1,2,3-cd]pyrene (gasoline markers). In general,
the correlations between the particle PAHs were higher than those for
gas PAHs. The correlation between gas fluoranthene and pyrene was
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Fig. 2. Gas and particle PAHs contributions, classified by the numbers of aromatic rings in the compounds, to the total PAH in summer and winter. (Two-aromatic rings PAHs include
naphthalene; three-aromatic rings PAHs include acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene; four-aromatic rings PAHs include fluoranthene, pyrene,
benzo[a]anthracene, chrysene; five-aromatic rings PAHs include benzo[e]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene; and six-aromatic rings PAHs
include dibenzo[a,h]anthracene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene).
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abundant diesel vehicle emissions. Ratios of fluoranthene to the
sum of fluoranthene and pyrene ([Flu/Flu þ Pyr]) were consistent
(0.41–0.45) in the Shing Mun Tunnel. The average ratio is the same
as Sicre et al. (1987) reported for automobile emissions (0.43).

3.2. Distribution of PAHs in the gas and particle phases

Fig. 2 shows the distribution of PAHs in the gas and particle
phases for summer and winter. The sum of two-ring (e.g., naph-
thalene) and three-ring (e.g., acenaphthylene, acenaphthene, flu-
orene, phenanthrene, and anthracene) PAHs accounted for w98% of
the total gas PAH concentrations, similar to findings of Westerholm
et al. (1991), with abundant gas-phase three-ring PAHs. Less than
2% and <1% of gas-phase PAHs had four rings (e.g., fluoranthene,
pyrene, benzo[a]anthracene, and chrysene, MW ¼ 202–228) and
five or six rings, respectively, due to their low vapor pressures.
Conversely, two- and three-ring PAHs accounted for <9% of the
particle PAHs, compared to w60%, w17%, and w10% for four-, five-,
and six-ring PAHs, respectively.

Similar gas/particle-phase distributions for individual PAHs
were found between summer and winter, with a few exceptions
shown in Fig. 3. For example, particulate anthracene increased from
8.5% to 13.6%, fluoranthene increased from 59.2% to 74.3%, and
pyrene increased from 69.5% to 76.0% from summer to winter. Sin
et al. (2003) found similar contrasts for ambient air samples in

Hong Kong. Lower temperatures in winter allow condensation of
volatile and semi-volatile PAHs onto pre-existing particles.

3.3. Emission factors

Average emission factors for gas- and particle PAHs are shown in
Table 2. Gas-PAHs emission factors ranged from 950 to 2563 mg per
vehicle kilometer (mg veh#1 km#1; average of 1551 $ 447 mg veh#1

km#1). Particle-PAH emissions factors ranged from 22.0 to 354.2 mg
veh#1 km#1 (average of 98 $ 80 mg veh#1 km#1). Gas-PAHs emission
factors were w15 times higher than particle-PAHs emission factors.
Emission factors for the five highest gas PAHs are: 1) acenaphthene, 2)
naphthalene, 3) acenaphthylene, 4) phenanthrene, and 5) fluorene;
and for the five highest particle PAHs are: 1) pyrene, 2) fluoranthene, 3)
chrysene, 4) phenanthrene, and 5) naphthalene. Elevated particle
emission factors were found for diesel and gasoline markers (e.g.,
fluoranthene, pyrene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyr-
ene), consistent with those reported in Ho et al. (2002) for vehicles
dominated roadside samples in Hong Kong.

Correlations (r) among total PAH emission factors are shown in
Table 3. The correlation coefficients (r) were 0.85 between fluo-
ranthene and pyrene (diesel markers) and 0.96 between benzo[ghi]-
perylene and indeno[1,2,3-cd]pyrene (gasoline markers). In general,
the correlations between the particle PAHs were higher than those for
gas PAHs. The correlation between gas fluoranthene and pyrene was
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Morphology of DPM 
• Nano-HRTEM image processing 
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Morphology of DPM 
• HRTEM image processing 

1.  Negative transformation 
2.  Selection of region of interest (ROI) 
3.  Contrast enhancement 
4.  Gaussian low pass filter 
5.  Top-hat transformation 
6.  Thresholding or binarization 
7.  Morphological opening and closing 
8.  Clearing fringes on the ROI border 
9.  Skeletonization 
10.  Removal of short fringe 



Morphology of DPM 
• HRTEM image processing 
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Morphology of DPM 
•  Lattice fringe characterization 
Ø (a) Fringe length 
Ø (b) Tortuosity 
Ø (c) Separation distance 
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Morphology of DPM 

Fringe length distribution Fringe tortuosity distribution 



Unregulated emissions 
• Unregulated emission (extremely toxic) 

Ion Molecule Reaction Gas Spectrometer  
Ø Formaldehyde (HCHO), acetaldehyde (CH3-CHO)  
Ø Ethene (C2H4), ethyne (C2H2), 1,3-butadiene (C=C-C=C) 
Ø Benzene, toluene, xylene (BTX)  

•  Focus 
Ø Same liquid fuel, Engine load and H2 input variation  
Ø Same H2 input, diesel and biodiesel and BD variation  
Ø Variation of unregulated emissions  



Unregulated emissions 



Thanks! 


