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ABSTRACT 
 

Diesel engines dominate in the heavy-duty applications due to their reliability 
and higher efficiency. However, diesel engines emit significantly higher amount of 
harmful pollutants such as oxides of nitrogen (NOx) and particulate matter (PM). It 
has been established that diesel PM has a significant contribution to air pollution. 
The present study shows that such harmful pollutants from diesel engine can be 
reduced significantly using dual dueling. Natural gas (NG) and simulated biogas are 
used in this study. Along with the gaseous emissions such as NOx and unburned 
hydrocarbons, PM is measured using the traditional gravimetric method and also 
characterized by the thermogravimetric analysis (TGA). Results are compared 
between diesel and dual fueling while the engine operating conditions are kept the 
same. 

Key Words : Dual fuel, Diesel engine, Biogas, emissions, Particulate matter, 
Thermogravimetric analysis. 

 
INTRODUCTION 

Diesel engines are efficient and can be 
operated at higher compression ratios. Diesel 
engines are widely used in both stationary 
and mobile applications, especially where 
high power output is needed. While often 
resulting in smaller amounts of carbon 
monoxide, and hydrocarbons emissions in 
comparison with gasoline engines, diesel 
engines emit significantly higher PM. 
Particulate emissions can be classified as 
potential occupational carcinogen and can 
have a number of other negative health 

impacts associated with exposure1,2. It is 
generally agreed that diesel engines used in 
transport systems represent an important 
source of ambient particulate matter3. Diesel 
PM are mainly in the respirable size range 
such as 0.1 to 0.5 μm and can easily 
penetrate deep into the respiratory system. 
There might be a causal relationship between 
exposure to diesel emissions from mobile 
sources and the incidence of cancer, 
respiratory symptoms and respiratory 
diseases4. Diesel PM have therefore potential 
environmental impacts, including health 
effects, climate change, ecological effects, 
and visibility5. It is really a matter of concern * Author for correspondence 
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especially for underground mining workers, 
truck drivers and school going children who 
can experience of the direct exposure of such 
pollutants. Although the advancement in 
diesel engine technology has become 
successful in reducing these harmful 
emissions significantly from the engines, the 
reduction of such emissions to the level 
specified by the current air quality and 
emission regulations is still a challenge to 
engine manufacturers. On the other hand, 
both the road and non-road pollution 
regulations are becoming stricter day by day. 
The present regulations concern PM 
concentrations only, i.e. the mass of all 
particulates that can be collected from the 
diluted exhaust. Therefore, in addition to the 
concentration measurements, PM 
characterization is also important in respect 
of present health and environment concerns.  

The use of gaseous fuels in diesel engine 
can be considered as an alternative approach 
to reduce such pollutants from the engine. 
Gaseous fuels in diesel engines operate in 
dual fuel mode where gaseous fuel acts as 
the main energy source and a minimum 
amount of diesel fuel provides the essential 
ignition source of combustion. A diesel 
engine requires simple modifications to be 
operated on the dual fuel mode. Since diesel 
engines can be operated at high compression 
ratios, low energy content gaseous fuels can 
be used. Dual fueling therefore offers 
opportunities to use alternative (such as 
natural gas) and renewable (such as biogas) 
gaseous fuels in diesel engines. The use of 
natural gas in engines can contribute 
substantial savings of diesel fuel because of 
its availability in many parts around the 
world. Biogas, on the other hand, is a 
renewable fuel source that can be produced 
from different organic wastes. The use of 
stationary small capacity diesel engines in 
power generation and in agriculture and 
construction works is quite common in 
developing countries around the world. 

Biogas can be a good alternative fuel source 
for such applications and thus can contribute 
to the national economy as well as to the 
environment. 

Although many studies are available in 
the literature relating to diesel engine 
emissions including PM emissions, a 
significant research gap is noticed in the 
published literature in respect of emissions 
from dual fuel engines especially for biogas-
diesel dual fuel engines. Less emphasis has 
been given to the PM emissions. It is 
therefore important to adopt a systematic 
approach to PM measurements and 
characterization for the dual fuel applications 
in order to achieve better understanding. 

In this study, regulated gaseous 
emissions such as NOx and unburned 
hydrocarbons (HC) are measured for a direct 
injection (DI) diesel engine operated on 
diesel and dual fuels. PM are measured by 
the conventional gravimetric method and 
also characterized the collected PM by 
thermogravimetric analysis (TGA). TGA is 
employed to quantify the mass fractions of 
the elemental carbon and volatile materials in 
the sampled PM. Results are compared 
between diesel mode and dual fuel mode of 
operations. It is believed that this will 
provide an insight of the PM formed under 
both modes of engine operation. 

METHODOLOGY 
Test engine facility and method 

A Lister Petter, single cylinder, DI diesel 
engine is used for the present study. The 
engine is modified to run on both diesel and 
dual fuel modes. The major engine 
specifications are given in Table 1. The 
original injection system is kept unchanged 
for the dual fuel operation.  

New Zealand low sulfur diesel fuel, 
limiting sulfur to a maximum of 50 ppm, is 
used for the experiments. NG is obtained 
from the pipeline supply and the approximate 
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composition is given in6. Simulated biogas is 
prepared in the laboratory by mixing pipeline 
NG with CO2 from a high-pressure cylinder 
using partial pressure filling method. The 
simulated biogases are biogas-1 (80% CH4 
and 20% CO2); biogas-2 (67% CH4 and 33% 
CO2) and biogas-3 (58% CH4 and 42% CO2). 

NOx emissions are measured using a 
chemiluminescent analyzer and HC 
emissions are measured with flame 
ionization detector. These equipments are 
connected with the thermostatically 
controlled heated sample line, which is 
maintained at 190C.  

Table 1 : Engine specifications 

Engine type 
Bore/Stroke  
Swept volume  
Connecting rod length  
Compression ratio 
Injection timing by spill 

Lister Petter single- cylinder, DI, water cooled 
87.3/110 (mm) 
659 (cm3) 
231.9 (mm) 
16.5 
28bTDC  

 
In order to make comparisons, a 

common engine operating point is chosen 
while the pilot diesel quantity is kept fixed 
for all dual fuel operations. Tests are 
performed at a constant speed of 1750 rpm 
and with a constant injection timing of 28 
before top dead center. At first the engine is 
run on diesel only and then subsequently run 
on NG and biogases in dual fuel mode. Two 
modes of steady state operation are chosen 
for diesel fueling: light load (~ 3 Nm) and 
high load (~ 28 Nm) which are about 10% 
and 85% of the rated output of the engine 
respectively at this engine speed. Under dual 
fuel operation, the amount of pilot diesel is 
kept constant at that corresponding to 3 Nm 
load and the torque output of the engine is 
increased to 28 Nm by increasing the flow 
rate of the gaseous fuel to the engine. To 
ensure consistency in engine operations, the 
engine is first run for approximately an hour 
at diesel light load until the exhaust 
temperature is stable at around 200C. Then 
the measurements are recorded for this 
condition, which is repeated each day as an 
engine warm-up run. The engine is then run 
at the desired conditions and is allowed to 
settle there before data recording or taking 
PM samples. About 62 percent diesel fuel is 
replaced during the dual fuel operations.  

Exhaust dilution and sampling system for 
PM mass measurement 

A single stage partial flow dilution 
(PFD) system is used in this study to dilute 
the representative exhaust gas sample drawn 
from the engine exhaust pipe6. The dilution 
ratio is maintained approximately at 10 to 1 
for the whole experimental program. An 
approximate isokinetic sampling method is 
used in this study. The sample transfer tube 
(between the engine exhaust pipe and the 
dilution tunnel) is insulated and heated, 
maintaining a wall temperature of 190C to 
minimize thermophoretic deposition particle 
loss. PM samples are collected on PallFlex 
Fiberfilm T60A20, 70 mm diameter filters to 
measure the total PM mass concentration. 
The filter face temperature is maintained 
below 52C during this sampling and in the 
present study it is about 30C. Filters are 
conditioned in an incubator at 221C and 
452% RH for 18-20 hours before and after 
use.  
PM characterization by 
thermogravimetric analysis (TGA) 

PM samples are collected on glass fiber 
filters without Teflon coating, as they are 
suitable for TGA applications7-9. PM samples 
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are collected from the diluted exhaust gas 
using the same dilution system mentioned 
above. After collection, the loaded filters are 
kept in sealed Petri dishes. The TGA filters 
are conditioned after PM sampling in the 
same incubator and thermal environment as 
mentioned before. The sample pan of the 
thermogravimetric analyzer is too small to 
load with a whole sample filter. Instead a 
portion of the filter is selected to put into the 
sample pan as shown in Fig. 1. The filter is 
handled with tweezers and the selected 
portion of the filter is cut first with scissors. 
Any direct contact with the particulate filters 
is avoided. Then the selected portion of the 

filter is again cut into several smaller squares 
and carefully stacked using tweezers into the 
sample pan of analyzer (Fig. 1).  

A Shimadzu TGA-50 thermogravimetric 
analyzer facility has been used for the 
present study. All the PM samples are heated 
in the TGA according to the heating program 
described below. The first step in the 
program is holding the sample isothermally 
for 10 minutes in an atmosphere of nitrogen. 
This allows the sample pan to be stable from 
its swinging state after hooking the pan with 
the sample suspension wire in the furnace 
section of the analyzer. 

A heating rate of 3C per minute is used 
for the nitrogen atmosphere in this study as 
suggested by Lapuerta et al.9 and the same 
heating rate is continued to a final 
temperature of 450C in the same 
environment. At this temperature, all the 
volatile materials associated with PM are 
expected to be evaporated completely. 
Stratakis and Stamatelos10 have reported that 
the hydrocarbons present as SOF with PM 
are gasified and desorbed completely at 
temperatures beyond 400C and the PM is 
then composed of exclusively dry carbon. 
Lapuerta et al.9 also used the same final 
temperature for sample heating in nitrogen 
atmosphere. The atmosphere is then changed 
from nitrogen to air and the heating rate is 
also changed from 3C to 5C per minute 
and continued up to a final temperature of 
500C as suggested by Lapuerta et al.9. It is 

expected that at this high temperature all the 
dry carbon materials present in PM would be 
oxidized. To ensure the completeness of the 
oxidation an isothermal heating is maintained 
at 500C for about 70 minutes.  

RESULTS AND DISCUSSION 
NOx emissions 

Fig. 2 presents the results of NOx 
emissions for the engine while operated at 
diesel and dual fuel modes. Significantly 
higher NOx is formed during diesel high load 
operation compared to diesel light load. It is 
well known that the formation of NOx is 
strongly dependent on temperature, the local 
concentration of oxygen and the duration of 
combustion11-13. In the case of diesel high 
load, high NOx formation is mainly due to 
the high combustion temperature and the 
duration of combustion even though the 

 

Filter 

PM on filter 

Selected portion of 
the filter  

 
Fig. 1 : Sample preparation for TGA from a PM filter. 
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oxygen availability is lower at high load 
compared to that in light load.  

When comparing between diesel and NG 
fueling under same operating condition (28 
Nm and 1750 rpm), NOx emissions are found 
to be similar. However, from Fig. 2, NOx 
emissions are found to be reduced 
significantly for biogas fueling compared to 
either diesel or diesel-NG fueling. NOx 
concentration is found to be decreased by 
about 13 to 37% during biogas fueling with 
increasing  CO2  contents  compared   with  

diesel fueling. Therefore, it is clear that these 
notable differences in NOx concentrations are 
mainly due to the presence of CO2 in the 
gaseous fuel. CO2, being a diluent, results in 
slower flame propagation and lowers the 
level of the cycle temperatures. In addition, 
increasing CO2 in biogas also decreases 
oxygen in the charge. Hence, NOx formation 
is suppressed with the combined effects of 
these phenomena in the case of biogas 
fueling14. 

HC emissions 
Unburned hydrocarbon (HC) emissions 

are presented in Fig. 3 for different engine 
fueling. A similar HC concentration is found 
for diesel light and high load conditions. 
However, with the introduction of gaseous 
fuel, HC emissions increase sharply by more 
than three times compared to baseline diesel 
fueling. With the introduction of gaseous 
fuels, turbulent flame propagation from the 
ignition regions of the pilot is normally 
suppressed due to the lower temperature and 
air-fuel ratio and it will not proceed until the 
concentration of the gaseous fuel reaches a 
minimum limiting value. Also it is reported 

that the ignition is normally more delayed 
with dual fueling compared to diesel 
fueling11. In addition to the mechanisms, 
there are contributions from crevice volumes 
into which gas-air mixture is forced during 
compression stroke and remains unburned. 
Valve overlapping between the intake and 
exhaust to facilitate scavenging can also 
cause an increase in HC emissions for dual 
fueling as it blows unburned gas-air mixture 
out of the cylinder15. When compared 
between NG and biogas fueling, a mild 
increase in HC emissions is observed (Fig. 3) 
with the increase of CO2 content in fuel. The 
presence of CO2 in biogas slows down the 

      
 Fig. 2 : NOx concentrations in the exhaust 

for diesel and dual fueling (engine speed = 
1750 rpm; torque = 3 Nm (diesel light load) 

and 28 Nm for others; injection at  
28btdc). 

 

Fig. 3 : Unburned HC concentrations in the 
exhaust for diesel and dual fueling (engine 
speed = 1750 rpm; torque = 3 Nm (diesel 

light load) and 28 Nm for others; injection at 
28btdc). 
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overall combustion process and narrows 
down the effective flammability limits. 
These effects act more with increasing CO2 
contents. However, these effects are mostly 
compensated during operations with high 
load or high equivalence ratios, which is the 
case of the present study. A similar 
observation for unburned methane 
concentrations in the exhaust is reported for 
methane-CO2 fueling with varied CO2

16.  

Particulate mass emission 
PM total mass emissions measured by 

the gravimetric method for diesel and dual 
fuel engine operations are presented in  
Fig. 4. The error bars in Fig. 4 are for Fig. 2 
standard deviation of the data measured at 
different times and days for the same 
operating conditions.  

In the case of diesel fueling, PM mass 
emissions are found to be lower by about 
57% compared to diesel high load (Fig. 4). 
This indicates that PM mass emissions 
increase proportionally to the quantity of the 
injected diesel fuel into the cylinder. When 
compared between diesel and dual fueling, a 
significant reduction in PM mass emissions 
is obtained in the latter case (Fig. 4). Further 
reduction is noted in the case of biogas2 and 
biogas3 fueling. PM mass emissions are 
reduced by about 72 percent (on average) for 
the dual fueling compared to diesel (high) 
fueling. Boisvert et al17 and Zbaraza18 
reported quantitatively similar results for 
diesel-NG dual fueling. Thus, it can be 
speculated that the formation of the majority 
of PM is caused by the quantity of injected 
diesel fuel which is minimized in the case of 
dual fueling. On the other hand, as the engine 
is operated at high load, the combustion 
temperature remains similar to diesel high 
load condition. Therefore, the contribution of 
the PM oxidation processes remains 
approximately the same as for diesel (high) 
but for a relatively less amount of PM 
generated from the reduced amount of diesel. 

Fuel composition can also play an important 
role for the drastic reduction in PM 
formation. It is generally believed that the 
more carbon a fuel molecule contains, the 
more likely the production of PM by the fuel 
during combustion19. Papagiannakis and 
Hountalas20 also have suggested that 
methane (the main component of either NG 
or biogases) being a lower member in the 
paraffin family has a low tendency to 
produce PM compared to diesel fuel. 
Compared to diesel, NG or biogas has 
minimum carbon content per mole19,21. In the 
case of biogas 2 and biogas 3, the presence 
of increased CO2 in biogas might have 
suppressed the formation of PM in addition 
to the reasons mentioned above. PM 
formation during combustion depends on 
temperature and the concentrations of PM 
precursors which include various unsaturated 
hydrocarbons, particularly acetylene and its 
higher analogues (C2nH2) and PAH22. The 
reduction in PM emissions thus can be 
attributed to a direct consequence of flame 
temperature reduction with higher CO2 in 
biogas (resulting in a lower PM nucleation 
rate) and the lowered concentration (or mass 
fraction) of acetylene. 

In addition, gaseous fuel in diesel 
engines usually increases the ignition delay 
period. Ignition delay has a role to reduce 
PM formation in diesel combustion. The 
longer the ignition delays the more 
homogeneity in the fuel-air mixture and the 
fewer tendencies to PM formation21.  

TGA analysis 
TGA technique is used to distinguish 

between the volatile fraction (VF) and solid 
fraction of the collected PM samples in this 
study. The total weight loss is considered to 
determine the mass fractions of elemental 
carbon and volatile part of the collected PM 
on filters. Volatile part is further divided into 
two volatility ranges: high volatility and low 
volatility8. The fractions are defined based on 
the temperature ranges selected for them : 
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High Volatility : Mass/weight loss up to 

the temperature, T  200C 
Low Volatility : Mass/weight loss when 

200 < T  450C 
Elemental Carbon : Mass/weight loss 

when 450 < T  500C after the environment 
changed from nitrogen to air.  

In addition to the aforementioned 
fractions, a non-combustible residual 
fraction, ash, may remain on the filter after 
the completion of TGA. However, the ash 
fraction is not resolved in the present study. 
All the samples (loaded filter squares) 
appeared to be white clean filter surfaces 
after the TGA indicating minimum or no 
residuals.  

TGA has been performed at least twice 
for every sample collected for different 
fueling and the results are presented in  
Fig. 5. The sample for biogas 2 fueling was 
not ready during the TGA experiment and is 
not included in this study. Two filters were 
found to be stacked together during the 
sample collection for biogas 1 fueling from 
the engine, which was noticed later at the 
time of TGA and therefore, the results for the 

particular sample might have some artifacts 
due to a lesser amount of collected mass on 
it. 
Volatile fraction (VF) 

Volatile fraction includes the high and 
low volatile fractions and thus considers all 
the volatile materials that evaporate at 
temperatures 450C. According to Fig. 5, the 
mass fraction in the range of high volatility 
varies between 19 to 78 percent and that for 
low volatility varies from 16 to 27 percent 
for different engine fueling. The highest 
value of VF is obtained in the case of diesel 
(light) fueling and the lowest is for diesel 
(high) fueling. Therefore, the main 
component of the diesel PM at low load is 
found to be the VF. Higher volatile organic 
fractions (VOFs) and soluble organic 
fractions (SOFs) for diesel fueling under 
light to medium loads are also reported by 
numerous previous researchers such as7,9,23. 
The TGA results obtained here for diesel PM 
therefore agree well with these previous 
studies. It is generally agreed that the high 
VF or SOF is generated from both diesel fuel 
and the lubricating oil and the contribution of 
diesel fuel is dominant especially under light 

 
Fig. 4 : PM total mass emissions in mg/m3 of the engine exhaust gas by gravimetric method for 

different engine fueling conditions (diesel: 3 Nm and 28 Nm; dual fuel: 28 Nm; 1750 rpm; 
28°bTDC; 0.6 kg/hr pilot for NG and biogas). 
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load conditions24. At low engine loads (low 
), due to the lower combustion 
temperatures, the volatile organic compounds 
can be unconverted fuel, aldehydes and 
alpha-olefins (generated from mild thermal 
decomposition and partial oxidation). On the 

other hand, at high engine loads (high ), due 
to high combustion temperatures, the 
products of high-temperature pyrolysis and 
particularly soot particles are generated and 
the dominant volatile organic compounds can 
be methane, acetylene, and ethane25. 

When compare with diesel (high) load 
and dual fuel conditions (Fig. 5), a 
significant difference in the values of VF is 
noticed. VF is found to be always higher 
(more than two times) in the latter case even 
though the engine operating condition is kept 
the same as diesel high load. VF (average 
value) is found as 87, 78, and 81 percent for 
D-NG, D-BG1, and D-BG3 respectively 
compared with 35 percent for diesel (high) 
fueling. High volatility mass fraction varied 
from 51 to 70 percent for different gaseous 
fueling comparing with only 19 percent for 
diesel (high) fueling. This indicates that the 
fuel composition has a great influence on the 
volatile/EC composition of the emitted PM. 
The difference is also noticed in filter 
appearances, as filters for dual fueling 
appeared to be less black than that for diesel 
fueling. Higher SOF or ratio of organic 
carbon to elemental carbon (OC/EC) for NG 
fueling has been reported in literature such 
as26-28 have suggested that the premixed 
combustion is a primary controlling factor 

for the particle-phase organic compounds in 
diesel PM. The higher the premixed 
combustion, the higher the tendency to 
produce organic compounds is. As the 
ignition delay is increased with the addition 
of gaseous fuels into the engine, which 
caused higher premixed combustion rate as 
much combustible mixture is formed during 
the ignition delay period.  
Elemental carbon (EC) fraction  

Elemental carbon mass fraction is varied 
from about 5 to 65 percent for different 
fueling with the operating conditions under 
consideration (Fig. 5). The results of 
elemental carbon fraction show that the 
minimum value is for diesel light (5%) and 
the maximum (65%) for diesel high load. 
These results agree quantitatively with those 
obtained by Collura et al.29. At high load, 
more diesel fuel is injected and high cylinder 
pressure and temperature is obtained. The 
ignition delay period is shorter and the 
combustion duration is long. All of which are 

 
Fig. 5 : Elemental carbon and volatile PM mass fractions as determined by TGA for different 

engine fueling (D-light:3Nm; D-high:28Nm; 1750 rpm; 28°bTDC; 0.6 kg/hr pilot for dual fueling). 
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the favorable conditions for producing solid 
soot particles during combustion. On the 
other hand, higher combustion and exhaust 
temperatures cause a decrease in VF in the 
exhaust. Higher mass fractions of EC 
compared to diesel light load condition but 
lower mass fractions of EC compared to 
diesel high load condition are obtained for 
the dual fuel conditions, as expected. 
Elemental carbon mass fraction is 13, 22, and 
19 percent for diesel-NG, diesel-BG1, and 
diesel-BG3 respectively. This indicates that 
there is a significant contribution of gaseous 
fuels on the elemental carbon (soot) particles 
production during the high temperature 
combustion with a higher operating  (i.e. at 
high engine load). Because, the quantity of 
PM produced during the combustion 
processes is supposed to be proportional to 
the amount of elemental carbon present in 
PM. However, the net result is far below the 
level of emissions of diesel (high load), as 
gaseous fuels tend to produce much less 
amount of PM.  

CONCLUSION 
The main objective of the present study 

is to investigate and to compare the results of 
gaseous emissions (NOx and HC) and to 
measure and characterize PM emissions from 
a diesel engine operated on diesel and dual 
fuel mode. No modifications are done on the 
test engine to optimize its performance or 
emissions. Engine speed, output power and 
injection timing are the same for diesel high 
and the dual fuel operations. The following 
conclusions may be drawn from the results of 
the present study : 
 Stable engine operation at this load 

(~75% of the rated output torque) and 
speed is possible with biogas fueling 
without any modifications either from 
the engine or the operational points of 
view. 

 NOx emissions are found to be either 

slightly lower or similar for NG fueling 
when compared with diesel (high) 
fueling. However, NOx emissions reduce 
significantly for biogas fueling compared 
to either diesel or diesel-NG fueling. 
NOx concentration is found to be 
decreased by about 13 to 37% for biogas 
fueling with increasing CO2 content, 
compared to diesel fueling. It is 
concluded that the use of biogas can be 
an option to reduce NOx emissions in 
diesel engines operated at high loads. 

 HC emissions increased sharply by more 
than three times in the case of dual 
fueling compared to baseline diesel 
fueling. When compared between NG 
and biogas fueling, a mild increase 
(about 6% increase for BG3 fueling) in 
HC emissions is observed with the 
increase of CO2 content in the fuel. 

 PM mass emissions are reduced 
substantially in the case of dual fueling 
irrespective of its quality. PM emissions 
are found to be decreased by about 72% 
(on average) for dual fueling compared 
to diesel (high) fueling for the same 
engine operating condition. It can be 
concluded that gaseous fuels such as NG 
and biogas can reduce PM mass 
emissions significantly in diesel engines. 

 At low engine load the measured PM are 
composed of about 94% (by mass) 
volatile materials. When the engine 
condition is changed from diesel to dual 
fueling, significantly higher volatile 
mass fractions are obtained (about 87% 
for diesel-NG; about 78% for diesel-BG1 
and about 80% for diesel-BG3) 
compared to diesel fueling. On the other 
hand, elemental carbon fraction is found 
to be highest in the case of diesel (high) 
fueling and similar for diesel (light) and 
dual fueling implying that the elemental 
mass fraction is proportional to the 
quantity of diesel fuel injected. 
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