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Abstract

In this paper, an experimental study evaluating engine performance, nitrogen 
oxide emissions (NOx) and smoke opacity of a HSDI (high speed direct 
injection) diesel engine fuelled with neat palm oil biodiesel (POB) is presented. 
Tests were performed in a bench-mounted automotive diesel engine operating 
under steady state conditions. Conventional diesel fuel was taken as base 
line or reference fuel. Results show that at full-load operation POB led to a 
power output decrease between 10% and 17% and an effective specific fuel 
consumption increase between 14% and 22%. At full-load and low engine 
speeds an increase of 20% in NOx emissions was measured. However, at the 
same torque rating and high engine speeds a 6% decrease in such emissions 
was obtained. At partial-load, NOx emissions always increased using POB, 
this effect being more pronounced at low speeds. On the other hand, smoke 
opacity significantly decreased (between 40% and 80%) regardless of engine 
load. According to the experimental results POB fuelling reduced engine 
power output, increased fuel consumption, increased slightly efficiency, 
always decreased smoke opacity, and reduced or increased NOx emissions 
depending on the engine operation mode.
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Resumen

En este artículo se presenta un estudio experimental evaluando las prestaciones 
mecánicas, las emisiones de óxidos de nitrógeno (NOx) y la opacidad de 
humos de un motor diesel de alta velocidad e inyección directa operando 
con biodiesel de palma puro. Las pruebas se llevaron a cabo en un motor de 
automoción montado en un banco de ensayos y operando bajo condiciones 
estacionarias. Como línea base o combustible de referencia se tomó 
combustible diesel convencional. Los resultados indican que la utilización del 
biodiesel de palma, operando el motor a condiciones de plena carga, condujo a 
una disminución de potencia entre 10% y 17% y a un aumento en el consumo 
de combustible entre 14% y 22%. A plena carga y bajos regímenes de giro se 
midió un incremento en los óxidos de nitrógeno en torno a 20%. Sin embargo, 
bajo las mismas condiciones de carga y altas velocidades del motor se obtuvo 
una disminución del 6%. A carga parcial siempre se obtuvieron incrementos 
en las emisiones de NOx al usar biodiesel de palma, siendo más pronunciado 
el efecto a bajo régimen de giro. Por su parte, la opacidad de humos disminuyó 
significativamente (entre 40% y 80%) independiente del grado de carga. De 
acuerdo con los resultados experimentales, el uso del biodiesel de aceite puro 
de palma disminuyó la potencia entregada por el motor, aumentó el consumo 
de combustible, incrementó ligeramente la eficiencia, disminuyó siempre 
la opacidad de humos, y disminuyó o aumentó las emisiones de óxidos de 
nitrógeno dependiendo del modo de operación del motor.

----- Palabras clave: biodiesel de aceite de palma, emisiones de NOx, 
opacidad de humos, motores diesel

Introduction
The global market for biodiesel has undergone 
a fast growth during last years. Worldwide 
production of this biofuel has increased from 2.2 
MT (million tons) in 2002, to 3.6 MT in 2005 
and 9 MT in 2007 [1]. Although most part of the 
installed biodiesel production capacity is settled 
in the European Union and United States, for 
the next years it is expected a significant growth 
of this industry in Asian and Latin American 
countries. Biodiesel use has been driven by the 
widely diagnosed troubles associated with fossil 
fuels: reserves depletion, environment negative 
impacts, prices volatility; and especially for its 
intrinsic characteristics as a biofuel: renewable, 
sulfur and aromatic-hydrocarbons free, less toxic 
and more biodegradable.

In general terms, biodiesel properties are 
comparable with those of conventional diesel 

fuels and therefore it can be used neat or blended 
in existing diesel engines without carrying 
out significant engine adjustments. However, 
differences in fuels chemical nature lead to 
differences in their basic properties affecting 
engine performance, combustion process and 
pollutant emissions [2].

In parallel to the development of its industry, 
several pieces of research have been carried out 
in order to evaluate the effect of biodiesel fuelling 
on engine performance and emissions, taking 
conventional diesel fuel as a reference fuel or base 
line [3-10]. Although from such studies, most of 
them of experimental type, it is possible to draw 
some tendencies, it is necessary to bear in mind 
that their results, especially those related with 
emissions quantification, can not be generalized. 
When the level of emissions from different fuels 
is compared, it must be taken into account that its 
magnitude depends on a wide variety of factors 
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such as: type and technology of the engine and 
its fuel injection system, ambient conditions, 
measurement technique for the considered 
pollutant species, reference fuel quality, biodiesel 
nature and quality, and so on [10].

There is a broad consensus in that biodiesel 
fuelling leads to significant reductions in 
particulate matter, total hydrocarbons and carbon 
monoxide emissions [5, 8, 10, 11]. Also, most 
authors report decreases in aromatic and poly-
aromatic hydrocarbon emissions [7, 9, 12]. In 
the case of nitrogen oxides, a slight increase in 
their emissions is the most common observation 
in research literature [10, 13-16].

Smoke opacity is an indirect indicator of soot 
content in the exhaust gases. Therefore this 
parameter can be correlated with the fuel’s 
tendency to form particulate matter (PM) during 
engine operation. The majority of studies agree 
that the reduction in PM emissions is due to a 
notable decrease in the concentration of its 
insoluble fraction (mainly soot) as a consequence 
of the oxygen presence and aromatic 
hydrocarbons absence in biodiesel fuels [7, 10, 
17-19]. The oxygen content of the ester molecule 
allows, with the same air at the admission, a 
more complete combustion, even in zones of 
the combustion chamber with fuel rich diffusion 
flames; and additionally promotes the oxidation 
of the already formed soot. The lack of aromatic 
hydrocarbons in biodiesel implies a reduction in 
the concentration of soot precursor species in the 
combustion chamber [19].

According to the Zeldovich mechanism, the 
formation and destruction of nitric oxide (NO) 
is favored by higher local temperatures and 
oxygen availability in the flame zone [20]. 
Several researchers have reported advances in the 
combustion process as a consequence of injection 
advances derived from the physical properties 
of biodiesel, mainly its lower compressibility 
and higher speed of sound [21-24]. A more 
advanced start of combustion leads to higher 
mean temperature peaks inside the combustion 
chamber. Other researchers have associated 

the higher flame temperatures obtained with 
biodiesel with an increase in the adiabatic 
flame temperature and a reduction in the heat 
dissipation by radiation, as a consequence of the 
lower amount of soot emitted [15, 19]. Regarding 
oxygen availability there are contradictory 
positions. Song et al. [24] showed that both 
the intake oxygen enrichment and the use of 
oxygenated fuels increase NOx emissions. This 
increase was higher when oxygen enrichment was 
used rather than when using oxygenated fuels. 
Lapuerta et al. [17] concluded that the oxygen 
content of biodiesel could not cause any increase 
in NO formation because diffusion combustion 
occurs mainly in regions with oxygen-fuel ratio 
around the stoichiometric one, which is 2.81 for 
typical biodiesel fuels and 3.58 for a standard 
diesel fuel. The internal oxygen in the fuel 
molecule being not enough to compensate such 
a difference. The main objective of this work is 
to evaluate the nitrogen oxide emissions and the 
smoke opacity of a HSDI diesel engine fuelled 
with neat palm oil biodiesel taking conventional 
diesel fuel as base line.

Methodology
Tests were carried out in a bench-mounted and 
instrumented automotive diesel engine (Table 1).

Table 1 Engine specifications

Reference ISUZU 4AJ1

Type Turbocharged, direct injection, 
rotating pump

Swept volume 2499 cm3

Configuration 4 in-line cylinders

Bore x stroke 93 mm x 92 mm

Compression ratio 18.4

Rated Power 59 kW (80 hp) at 4100 rpm

Maximum torque 170 Nm at 2300 rpm

In order to characterize and monitor accurately 
the engine’s operating mode the test bench was 
equipped with sensors and thermocouples for 
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mean temperature and pressure measurements. 
Effective torque and engine speed were measured 
and controlled by a Go Power D512 hydraulic 
dynamometric brake. Air and fuel consumptions 
were measured by a hot-wire sensor (Magnetrol 
TA2) and a Danfoss Coriolis-acceleration type 
mass-flow meter, respectively. NOx emissions 
were quantified by a Horiba EXA 240CL 
chemiluminescense analyzer. Smoke opacity 
was measured by an AVL DICOM 400 optical 
opacimeter. Data related to engine operation 
variables, instantaneous in-cylinder pressure, 
injection pressure and crankshaft angle were 
collected using an in-house developed software 
called ARAMÉ.

Tests were performed using neat palm oil biodiesel 
(POB) purchased from ODIN Energy Santa 
Marta S.A. and commercial grade No. 2 diesel 
fuel purchased from a local fuel station (Table 
2). For each fuel, twenty operation modes, each 
one characterized by a certain effective torque 
and engine speed, were tested. The operation 
modes selected try to simulate representative 
engine conditions covering the whole load 
range (25%, 50%, 75% and 100% of maximum 
torque) at various speeds (Table 3). Four set of 
measurements (80 tests) were carried out with the 
reference fuel, while three set of measurements 
(60 tests) were performed with POB. The results 
presented correspond to average values, taking 
into account their standard deviations.

Torque values corresponding to full-load 
condition were measured for both fuels. In the 
case of partial loads, torque values were calculated 
from the full-load torque of the reference fuel. A 

meaningful comparison of emissions and fuel 
consumption is only possible if tests for both 
fuels are carried out under the same operation 
mode. Measurements were carried out under 
steady state conditions, which were indicated by 
the exhaust gas temperature. After each fuel was 
tested, fuel lines were drained prior to filling them 
with the next one. Then the engine was operated 
at least one hour on the new fuel to purge any 
of the remaining non-test fuel from the engine 
fuelling system.

Table 2 Fuel properties

Property
Diesel 
No.2

POB

Density at 15 ºC (kg/m3) 859.3 871.6

Lower heating value (MJ/kg)a 42.19 37.13

Lower heating value (MJ/m3) 36253.9 32362.5

Kinematic viscosity at 40°C 
(mm2/s)

4.33 4.73

Chemical formula b C14.7H28.8 C18.07H34.93O2

Molecular weight b 205.2 284.2

Stoichiometric fuel/air ratioc 1/14.6 1/12.5

Oxygen (%wt)b 0 11.26

Cetane number 46 62

Initial boiling point (ºC) 182 302

Final boiling point (ºC) 384 348
a Calculated from ultimate composition and measured gross heating 

value
b Calculated from fatty acid methyl esters profile
c Calculated from composition

Table 3 Engine operation modes

Variable Number of points Selected operation points

Engine speed (rpm) 5 1100, 1750, 2400, 3000, 3600

Load (%) 4 Partial load: 25%, 50%, 75% Full load (100%)

Operation modes 20 Each mode is defined by an engine speed and an effective torque
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Results and discussion
As can be seen in figure 1a, only at full-load the 
power output (Ne) delivered with POB was reduced 
with respect to that delivered with diesel fuel. 
This result was in agreement with the established 
methodology since the torque values at that load 
condition were functions of the fuel tested. However, 
the decrease in rated power (between 5% and 10%) 
was lower than the reduction in heating value in 
volume basis (close to 11%, see table 2) indicating 
that POB fuelling led to some power recovery or 
increase in thermal efficiency. From figure 1a, it can 
also be inferred that at full-load, POB fuelling led 
to a decrease in the effective torque (Me) between 
10% and 17% and an increase in the specific 
fuel consumption (bsfc) between 14% and 22%, 
depending on engine speed (n).

At partial-loads (figures 1b, 1c y 1d), the experimental 
goal was to attain the same engine speed and torque, 
regardless the fuel used. Under these conditions, the 
specific fuel consumption, the ratio between mass 
fuel consumption and brake effective power, when 
using POB increased between 5% and 22% (an 
average of 13.5%) in relation to the consumption of 
diesel fuel, indicating that the loss of heating value 
in mass basis (around 12%, see table 2) must be 
compensated with higher fuel consumption.

As can be seen in figures 2a to 2d, for both fuels and 
at all engine speeds, NOx emissions were a direct 
function of engine loading. This was expected 
because with increasing load, the temperature of the 
combustion chamber increases and NOx formation 
is a strongly temperature dependent phenomenon. 
Figures 2a to 2d also show that for both fuels and at 
all loads NOx emissions initially increased reaching 
a maximum close to 1750 rpm, and then decreased 
as the engine speed was increased. This behavior 
has been related with the nonlinear nature of the 
chemical rates variation with temperature [25]. It 
is important to bear in mind that NOx formation 
and destruction is a kinetic-controlled process. 
At high speeds (higher than 1750 rpm) NOx 
emissions decreased for both fuels at all loads as 
a consequence of shorter residence times of gases 
in the combustion chamber. At full-load the effect 
of POB fuelling in NOx emissions was dependent 
on engine speed (figure 2a). At low engine speeds 

(lower than that corresponding to maximum torque) 
NOx emissions with POB were higher (up to 30%) 
than those measured with diesel fuel. At faster 
engine speeds NOx emissions were slightly higher 
with diesel fuel. At the lower load percentage (figure 
2d), the lowest NOx emissions were obtained and 
there was not much difference between both fuels 
across the speed range.

The effect of fuel properties on NOx emissions 
can be related to their effect on two parameters 
promoting high temperatures in the cylinder and 
thus NOx emissions. These are combustion timing 
and combustion rate [22]. Combustion timing in 
a diesel engine is mainly affected by the start of 
injection. POB has lower energy content than diesel 
fuel and when a greater volume of fuel is injected 
to correct for this, some rotary fuel injection pumps 
(the type used on the tested engine) can advance 
the start of injection timing, advancing the start of 
combustion and so increasing NOx emissions. POB 
also has different physical properties such as higher 
density, and viscosity, which also lead to an earlier 
start of injection. On the other hand, a high cetane 
number reduces the combustion rate and so NOx 
emissions. POB’s high cetane number (table 2) is 
expected to shorten the ignition delay period and 
thus decreases the amount of fuel that is involved 
in the premixed phase of combustion which is 
associated with higher temperature gradients.

Analyzing the combined effect of BOP fuelling 
and engine operation mode, it can be inferred that 
the potential of fuel’s cetane number to decrease 
NOx emissions is diminish at the existing 
conditions in the combustion chamber at higher 
loads and slower velocities.  From figure 3, it can 
be inferred that specific NOx emissions (per unit 
power output) decreased with increasing speed 
(regardless the load) and with increasing load. 
Regarding fuel type, at low speeds specific NOx 
emissions were higher with POB at all loads. 
However, at all loads there was little difference in 
such specific emissions between both fuels from 
2400 rpm onwards. These results show that in the 
range of loads and engine speeds in which the 
engine is most likely to operate, the specific NOx 
emissions with POB fuelling are comparable 
with those of diesel fuelling.
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Figure 1 Effective parameters (torque, power and specific fuel consumption) versus engine speed at full-load 
and partial-loads for POB and diesel fuel

Figure 2 shows NOx emissions in parts per 
million (ppm) and smoke opacity in percentage 
as a function of engine speed at different load 
percents for POB and the reference fuel. Figures 3 

and 4 allow observing, respectively, the variation 
of NOx emissions and smoke opacity per unit 
power output with engine speed, load and fuel 
type.
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Figure 2 NOx emissions and smoke opacity versus engine speed at different loads for POB and diesel fuel

According to figures 2e to 2h and figures 4a to 
4d, smoke opacity decreased with POB fuelling 
at practically all loads and engine speeds. At full-
load, this indicator of PM emissions was 40% to 
80% lower for POB than for diesel fuel, depending 
on engine speed. However at partial-loads this 
difference was attenuated. However, the effect 
of the engine operation mode on smoke opacity 
seemed to be fuel sensitive. For POB smoke opacity 
was similar at all loads and engine speeds while 

for diesel fuel it was increased by load and engine 
speed. Higher loads imply higher fuel consumptions 
and higher engine speeds lead to shorter residence 
times of gases in the combustion chamber.

The reduction of smoke opacity with biodiesel 
fuelling is mainly caused by reduced soot 
formation and enhanced soot oxidation. POB has 
a practically nil content of sulfur and aromatic 
hydrocarbons which are considered soot 
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precursors. The lower final boiling point of POB, 
despite its higher initial boiling point and average 
distillation temperature (table 2), provides lower 
probability of soot being formed from heavy 

hydrocarbon fractions unable to vaporize. The 
oxygen bonded in the ester molecules allows a 
more complete combustion and promotes the 
oxidation of the already formed soot. 
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Figure 3 NOx emissions per unit power output versus engine speed at different loads for POB and diesel fuel
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Figure 4 Smoke opacity per unit power output versus engine speed at different loads for POB and diesel fuel

Some combustion conditions which promote NOx 
emissions can lead to smoke opacity reductions. 
In order to reduce PM emissions is convenient to 

advance the start of combustion since it enlarges 
the residence time of soot particles in a high 
temperature atmosphere, which in the presence 
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of oxygen promotes further oxidation. The 
specific smoke opacity curves (figure 4) followed 
a pattern similar to that of the specific fuel 
consumption ones (figure 1) showing their higher 
values at the extreme engine speeds, regardless 
engine load. From figure 4 it can be inferred that 
in the range of loads and engine speeds in which 
the engine is most likely to operate, the specific 
smoke opacity with POB fuelling is significantly 
lower than that produced by diesel fuel fuelling. 
This is one of the strongest arguments to support 
the use of biodiesel in populated urban centers.

Conclusions 
At full-load POB fuelling led to a decrease in 
rated power (between 5% and 10%), a decrease 
in the effective torque between 10% and 17% 
and an increase in the specific fuel consumption 
between 14% and 22%, depending on engine 
speed. However, the decrease in rated power 
was lower than the reduction in heating value 
in volume basis (close to 11%) indicating that 
POB fuelling led to some power recovery or 
increase in thermal efficiency.  At partial-loads, 
the specific fuel consumption when using POB 
increased between 5% and 22% (an average of 
13.5%) in relation to the consumption of diesel 
fuel, indicating that the loss of heating value in 
mass basis (around 12%) must be compensated 
with higher fuel consumption. The overall picture 
emerging from the evaluation of smoke opacity 
and NOx emissions is that in the range of loads 
and engine speeds in which the tested engine 
is most likely to operate, POB fuelling allows 
obtaining specific NOx emissions comparable 
with those of diesel fuelling and specific smoke 
opacities significantly lower than those produced 
by diesel fuelling
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