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ABSTRACT - Diesel engines have dominated the heavy duty and passenger vehicle market in the
past 30 years. Consequently, the oil-derived fuels demand and the amount of pollutant emissions
have witnessed exponential growth during the last three decades. Although Diesel engines present
the advantage of higher efficiency and, therefore, lower levels of CO2 emissions, they produce
high levels of NOx and particulate matter. In order to face these difficulties, the use of alternative
fuels started booming in the early 2000s and continue to gain influence today. Biodiesel stands out
from the alternative fuels’ selection for its ease of use, production, storage and potential to reduce
levels of particles, CO, HC and CO2. The main goal of this research is to experimentally determine
the influence of palm oil biodiesel produced in Colombia on a Diesel engine’s behavior in terms of
engine performance and pollutant emissions. As different mixtures of commercial Diesel and
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biodiesel at different operating conditions were tested, the results showed that it is possible to
maintain the engine’s performance at acceptable levels and to, in some cases, reduce smoke
density and NOx levels.

combustion engine.

INTRODUCTION

In a world where the use of fossil fuels dominates almost every industry, different sectors worldwide have faced
countless environmental challenges and have been forced to implement new energetic solutions in recent years. Since the
early 90s, the use of Diesel vehicles has grown, causing an increase in the demand for petroleum-based fuel and,
consequently, of pollutants emissions. Compared to gasoline engines, Diesel engines present the advantage of being more
efficient. As such, although they emit less COg, they produce higher levels of NOx and particulates [1].

Alternative energy sources should be sought to prepare us for the uncharted future of fossil fuel scarcity [2]. The use
of alternative fuels, biodiesel being chief among them, is one of the most popular alternatives explored to date and with
growing usage in the transportation sector [3]. Since it is relatively easy to transform vegetable oils into biodiesel through
a transesterification process, this type of fuel attracts the attention of the scientific community for its ease of use,
production (transesterification process [4]), storage, is a renewable, biodegradable and non-toxic fuel, and potential to
reduce particles, CO, HC and CO- emissions [5-8]. In the last ten years, Colombia has been working with cleaner fuels
increasing the use of palm oil biodiesel, showing in 2019 an average demand of 45.000 tons per month [9].

Therefore, the goal of this research is to determine the influence of palm oil biodiesel produced in Colombia in a
Diesel old generation engine (pre-Euro), still used in the Colombian market. In order to achieve this objective,
experimental studies have been carried out to obtain engine performance and levels of pollutant emissions when different
biodiesel and standard Diesel fuel blends are used. A local state of the art pertaining to previously conducted research is
provided below, followed by the experimental setup, the test plan and the evaluation of the main properties of the fuel
blends used in this research. Subsequently, the results obtained in terms of engine performance and emissions will be
presented and analyzed. Finally, the main conclusions of the work will be drawn.

Research carried out internationally are taken into account in the results and discussion section; however, in this
introduction the most representative studies in Colombia are presented in order to have a clear national panorama. The
first studies that were carried out in the country studied blends of biodiesel with conventional Diesel fuel in percentages
of 2%, 5%, 10%, 20% and 30% of biodiesel content. The biodiesel content effect was determined in an engine at three
different atmospheric conditions. Static test bench results showed that the torque and power curves of the engine were
similar when using either conventional fuel or biodiesel blends. Only a minimal variation was observed when assessing
specific fuel consumption levels.

Additionally, dynamic tests carried out on vehicles determined that the power and torque output decreased by 7% on
average in relation to regular Diesel and 6,2% in relation to extra Diesel. This data suggests that by increasing the
percentage of biodiesel in the blend, the power delivered is reduced. In terms of pollutant emissions, the reduction of
particulate matter (PM) was 53% and 17% lower when compared to regular and extra Diesel, respectively. The
investigation at different atmospheric conditions (meters above sea level) showed that when the atmospheric pressure
decreases, emissions are higher due to the lower oxygen concentration. Emissions of carbon dioxide and nitrogen oxides
decreased by 7% and 20% for ordinary Diesel and 1% and 12% with extra Diesel, respectively [10].
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In other research studies, the impact of liquid biofuels (biodiesel) was compared to conventional fuel. Sulphates are
totally reduced, carbon monoxide and hydrocarbons decreased by 44% and 68%, respectively. The only negative effect
is the increase of NOx and 15% power loss. These studies verified an increase in fuel consumption, due to the lower
biodiesel calorific value [11]. In 2007, an experimental study was conducted on the production and use of biodiesel from
fig oil, which was mixed with conventional Diesel in a proportion of a maximum of 15% of biodiesel, keeping the quality
specifications stipulated for national and international standards for Diesel fuels. The main difficulty of this biodiesel is
its high viscosity, since this property directly influences the process of fuel atomization and homogenization of the
mixture in the combustion chamber. However, this biofuel presents excellent flow properties at low temperatures, which
makes it excellent for cold conditions. Engine tests with castor oil biodiesel blends show that, as the proportion of
biodiesel in the blend increases, specific fuel consumption increases, relative metering decreases, smoke opacity decreases
slightly, while effective performance and CO and CO; emissions remain unchanged [12].

Subsequently, a model of the combustion process was applied to a turbocharged automotive Diesel engine to
investigate the effect of different fuels including pure biodiesel, conventional Diesel and blends at 20 and 50% in volume,
operating at the same power. The tests were carried out without any modifications to the engine or fuel injection system.
The study indicated that when the concentration of biodiesel in the mixture increases, the ignition delay in the start of
combustion and in the fuel/air ratio (dosage) slightly decrease, changing from 0.39 without biodiesel to 0.37 for pure
biodiesel. In addition, the thermal efficiency, combustion duration, maximum average temperature inside the cylinder,
exhaust gas temperature at the outlet of the exhaust valve and exhaust gas efficiency decreased; conversely, the maximum
pressure, specific fuel consumption and exergy rate destroyed increased [13, 14].

Unlike all the studies described above, Acevedo and Mantilla evaluated the performance and emissions of a Cummins
Diesel engine, 4 stroke, 9.5 liters, 6 cylinders with common rail injections system, and gas recirculation system. The trials
showed a drop in power close to 10% when African palm biodiesel was used. The engine met the 2004 environmental
standard when operated on Diesel fuel. However, whit the alternative fuel, the emissions of particulate matter and nitrogen
oxides were beyond the limitations imposed by standard [15]. Finally, mixtures with 10% and 30% biodiesel based on
palm oil have also been compared with a standard Diesel with ultra-low Sulphur content to evaluate the amount of engine
particles emissions and how these affected the performance of aftertreatment devices such as particle filter [16].

EXPERIMENTAL SETUP

In order to study the impact of different blends of palm biodiesel produced in Colombia and standard Diesel fuel in a
Diesel engine performance, a static test bench was used. The test bench has a hydraulic brake, which enables to control
engine speed, brake applied to the crankshaft and engine load (fuel flow through the accelerator) [17]. The engine
specifications are presented in Table 1.

Table 1. Isuzu C223 turbo engine specifications

Engine type 4 strokes / indirect injection
Combustion Chamber type Swirl

Total displacement of the pistons 2238 cc

Compression ratio 21:1

Intercooler and EGR No

Pump and injector Mechanical performance
Environmental standards Pre-Euro

The temperatures in the heat exchanger, in the engine and in the exhaust were measured in an attempt to control engine
operation; the blowby, the oil pressure, the air flow, the engine torque, the speed and the environmental conditions at
which the engine was operating were measured as well. All these measurements were recorded with a data acquisition
system (called SMAC), a system that monitors all the values on a control panel screen. An opacimeter was used to measure
smoke density and a portable analyzer was used to record measurements of NOx pollutant emissions. Additionally, a
gravimetric balance measured the engine fuel consumption while a thermocouple was installed to measure fuel
temperature at the fuel pump inlet. Table 2 shows the accuracy of the most important equipments and sensors employed
in this study and Figure 1 shows the scheme of the experimental setup.

Table 2. Characteristics of measuring equipment used in the workplace

Equipment or Sensor Variable Precision
Load cell (up to 250 kg) Torque 0,1 Nm
Gravimetric balance (up to 30 kg)  Fuel mass lg
Smoke meter Smoke density [m?] 0,01 m*
Portable analyzer NOx 5ppm
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Figure 1. Experimental setup

Biodiesel Blends

Three different biodiesel and standard Diesel fuel blends were defined to study the influence of palm biodiesel
produced in Colombia on engine performance and the related pollutants emissions level associated to each blend. The
volumetric concentration of biodiesel in standard Diesel fuel was established at 25%, 50% and 75%. It is important to
note that standard Diesel currently produced and marketed in Colombia contains approximately 10% of biodiesel. As
such, it was necessary to verify the biodiesel content of standard Diesel, to calculate the required volume to achieve the
target biofuel content for each one of the blends.

The properties of five different types of fuels (including standard Diesel B10 and pure palm oil biodiesel B100) were
obtained in order to understand their influence on the engine performance. The properties of the tested fuels are presented
in Table 3. The cetane index is a theoretical approximation of the cetane number. This figure was calculated from the
density and distillation of the fuel (using ASTM D976).

Table 3. Basic properties of used fuels
Density Cetane index Higher calorific value Viscosity at 40°C

Fuel

[kg/m3] [-] [kJ/kg] [cSt]
B10 0,8621 39,855 44680 3,896
B25 0,8637 45,181 43820 3,988
B50 0,8670 47,474 42520 4,141
B75 0,8713 47,367 41055 4,294
B100 0,8763 46,591 39025 4,448

The test plan is presented in Table 4. For each fuel, the engine was operated at different engine load levels and engine
speed. The test plan included a total of 125 tests which were performed at maintained the same injection timing
(mechanical pump with the same advance position for all points tested).

The experimental procedure consisted in starting the engine and allowing for it to stabilize up to the engine operating
temperature (close to 80°C). Afterwards, the engine speed was gradually increased for each fuel until the engine reached
its maximum load (full accelerator). The hydraulic brake was modulated to vary the engine speed from 1500 rpm to 3500
rpm. For each stabilized condition, the performance and emissions data were acquired. Then, the load was decreased to
90%, 80%, 70%, and 60%, acquiring again the data between 1500 rpm and 3000 rpm. The procedure was repeated for
each tested fuel, considering that after a fuel change, before starting to acquire new data, the engine was run to consume
approximately 5 liters (5x102 m?) of the new fuel to ensure that the entire fuel system had no trace of the old fuel.
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Table 4. Test plan

Fuel

Load [%]

Engine speed [rpm]

B10

B25

B50

B75
B100

100, 90, 80, 70, 60
100, 90, 80, 70, 60
100, 90, 80, 70, 60
100, 90, 80, 70, 60
100, 90, 80, 70, 60

1500, 2000, 2500, 3000, 3500
1500, 2000, 2500, 3000, 3500
1500, 2000, 2500, 3000, 3500
1500, 2000, 2500, 3000, 3500
1500, 2000, 2500, 3000, 3500

RESULTS AND DISCUSSION

This section presents the results of the performance and pollutant emissions assessment of a Diesel engine when
different biodiesel blends are used. As a starting point, the power, the torque, the mean effective pressure (mep) and the
brake specific fuel consumption (BSFC), for each condition (see Table 4) will be evaluated. Then, the results of pollutant

emissions, which were measured simultaneously with engine performance, will be analyzed.

Performance Results

As shown in Figure 2, , the measured trend in engine torque output is similar for all fuels. With increasing speed, the
torque begins to increase until it reaches approximately 2300 rpm and then it drops rapidly until the highest engine speed
is reached. As the load decreases,

the torque drops too.
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Figure 2. Torque for each fuel blend at different operating conditions
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A similar trend is observed when analyzing the engine power output (see Figure 3). With regards to the volume of
fuel injected, it is important to underscore that there are no significant variations in the torque and power when using
different fuel blends on each one of the loads. However, it is possible to find slight reductions in parameters associated
with the fuels’ released heat as it has occurred in other studies [18]; because the calorific value of biodiesel blends is
lower, compared with that of standard Diesel, there could be a drop in the levels of released heat. In general, when using

B100, both torque and power are only reduced by 8% to 9% compared to the B10, comparing the maximum performance
points on all loads.
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Figure 3. Power for each fuel blend at different operating conditions

Brake specific fuel consumption reflects the efficiency of the fuel used and the effective power it produces. In Figure
4, brake specific fuel consumption increases when the engine is run with biodiesel blends. These results stem from the
lower-than-standard Diesel calorific value of biodiesel blends, as shown in Table 3. As a consequence, the calorific value
of the biodiesel blends decreases in proportion to the increase of the biodiesel content, causing an increase of the fuel
consumption. It is also known that it is necessary to use more fuel to develop the same torque with biodiesel blends
compared to standard Diesel fuel. Compared to the B10, the variations in specific fuel consumption are 3.7%, 7.0%, 9.4%
and 13.2% for the B25, B50, B75 and B100, respectively. This observation is in agreement with other studies showing
that the biodiesel blends that have a lower calorific value when compared to standard Diesel, resulted in higher fuel

engine requirement to achieve the same performance, eventually affecting the brake specific fuel consumption [15, 19,
20].
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Figure 4. BSFC for each fuel blend at different operating conditions

The trend of the thermal efficiency, which is the inverse of the product of the brake specific fuel consumption and the
calorific value, is also studied. In Figure 5, few variations are observed in terms of the thermal efficiency for all fuel
blends and loads, although a higher brake specific fuel consumption is observed (Figure 4), the calorific value decreases
as the biofuel content increases (see Table 3), compensating the total heat added to the engine. The result is a similar
thermal efficiency,regardless of the fuel blends or loads used. In addition, because of the higher viscosity of biodiesel
blends, the atomization of the fuel is not as effective. Accordingly, the lack of efectivness on atomization rates has a
negative effect on the combustion process and engine performance. This effect was also shown in other investigations on
biodiesel blends [20, 21].

According to Canakci [22], while using a B100 soybean oil in a turbo-charged, four-stroke, direct injection diesel
engine, specific fuel consumption increases by 13.8% to reach the same power as conventional Diesel. Kegl evidenced
a similar behavior when using rapeseed oil. A B100 based on rapeseed oil produced a decrease of about 10% in the
effective power and torque of the engine, plus an increase in the specific fuel consumption due to the lower calorific value
of the fuel [23]. To improve these parameters, sometimes additives are added to the blend to improve torque, power and

mean effective pressure when using biodiesel [24].
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Figure 5. Effective thermal efficiency for each fuel blend at different operating conditions

Pollutant Emissions Results

Results of smoke emissions are presented in Figure 6. Regardless of the load, the maximum levels of this
pollutant are found at lower engine speed. When comparing Figure 6 with Figure 3, the lowest power levels are found at
the same low engine speed, which can be interpreted as an increase in fuel/air ratio (dosage). On the other hand, as the
operating load of the engine decreases, smoke density levels drop. There is no significant impact of the load from 3000
rpm onwards.

A greater reduction in smoke density levels is achieved with biodiesel blends, compared to conventional Diesel fuel,
as the alternative fuel content increases in the blend. Accordingly, Lapuerta [25] and Wang [26] stated that the most
important factor contributing to smoke reduction is the oxygen content of the alternative fuel molecule, which allows a
more complete combustion even in regions of the combustion chamber where rich mixtures are present, thus aiding in
the oxidation of the soot already formed. The lower end of boiling point of biodiesel blends in relation to conventional
Diesel fuel ensures complete evaporation of the liquid fuel, which also helps to reduce smoke levels [27]. Under low
engine speed conditions (1500 to 2000 rpm) and for all loads, the reduction in smoke density levels relative to the B10,
are 3.9%, 7.0%, 32.1% and 48% for the B25, B50, B75 and B100, respectively.

Additionally, according to Yoon et al. [28], pure biodiesel provides about 11% in mass of molecular oxygen and has
a negligible content of sulfur and aromatics (which are precursors of this pollutant), two explanatory factors as to why
smoke emissions are reduced with these types of fuel. An increase in biofuel content also generates an advance in the
combustion process since biodiesel features a higher cetane index values compared to conventional Diesel [29], triggering
a reduction in the ignition delay, better ignition performance and higher combustion efficiency [30].
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Figure 6. Smoke density for each fuel blend at different operating conditions

However, engine speed and load did not show any significant impact on NOx emissions, as shown in Figure 7. On the
one hand, it is said that the increase in NOx is related only to fuel properties, so the higher cetane number of biodiesel
blends, compared to standard Diesel, leads to shorter delay times. This effect causes a reduction in pressures and
temperatures during the diffusion combustion phase, and eventually results in an increase in the formation of NOx, [25,
28, 31]. In fact, the highest combustion temperature occurs in the pre-mixed combustion phase and it is during this phase
that most of this pollutant is formed, especially if the air/fuel mixtures are close to stoichiometry [32]. On the other hand,
other studies show that with biodiesel there is an improvement in ignition time, which leads to higher temperatures inside
the cylinder [33]. Finally, the increase in NOx can be attributed to the fact that biodiesel has a more complete combustion,
due to the greater presence of oxygen in the combustion chamber [18]. In many researchers have found that adding
biodiesel to diesel will increase NOx emissions [34-37].

In addition, depending on the engine operating conditions, a set of effects (physical-chemical processes during
combustion) can counteract or enhance each other, affecting NOx formation process. For example, NOx emissions are
believed to be directly dependent on the engine load, because the internal temperature of combustion chamber rises and
the formation of this pollutant generally depends largely on the temperature phenomenon [38, 39].

In certain situations, biodiesel and Diesel blends have shown reductions in NOx emissions despite their inherent higher
oxygen content. In addition to the aforementioned academic work, other studies [34, 40, 41] report that blends featuring
biodiesel concentrations lower that 10%, can lead to a reduction in NOx emissions. This fact might be related to the soot
particles radiation emissions and the consequent reduction of the combustion temperature, which results eventually in
lower NOx emissions. It is also said that the extra oxygen content of biodiesel allows the engine to work with poorer
global dosage, which also generates lower temperatures in the combustion chamber. Additionally, combustion occurs in
those areas with dosing close to stoichiometric and, in biodiesel, this dosing value is lower [42].
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Figure 7. NOx for each fuel blend at different operating conditions

It was possible to simultaneously reduce smoke density and NOx levels in 16% of all the established engine operating
points, compared to standard fuel (B10). These scenarios were generally obtained at low engine speed (1500 to 2500 rpm)
and high load conditions (100% to 80%).

As expected, this study confirms the trade-off between NOx-PM, which states that it is not easy to reduce both
pollutant emissions simultaneously in Diesel engines, since they have opposite developments [43, 44]. Figure 8 shows a
set of conditions when NOx levels decrease is followed by an increase in opacity, due to particle radiation, causing a
reduction in combustion temperature and consequently reduction of NOx [45-47].
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Figure 8. Trade off NOx—opacity for each fuel blend at different operating conditions
CONCLUSIONS

The main conclusions of this study are shown below:

Palm oil derived biodiesel (B100) has a calorific value 13% lower than commercial Diesel. This trait affects the
power delivered by the engine and/or the fuel consumption generating an increase in specific fuel consumption
(13,2%). For the blends B25, B50 and B75, the decrease in calorific value was 2%, 5% and 8% respectively,
compared to the B10.

It was observed that the maximum engine performance (torque and power) drops only between 8% and 9% when
using pure biodiesel (B100) compared to B10 fuel, which is an acceptable range for all loads tested for which
nearly the same thermal efficiency was maintained.

The cetane index of biodiesel is 17% higher than commercial fuel, which can have a positive effect on the start of
the combustion process by reducing the ignition delay time. In future works, the ignition advance could be
modified according to the cetane index of each mixture, in order to adjust the combustion phasing and take a better
advantage of the characteristics of each fuel.

When observing the NOx per unit of delivered power, this pollutant increased at low load and high engine speeds,
independent of the mixture. This fact is attributed to changes in dosing, delay time and especially due to a higher
combustion temperature in this area of the engine operation. According to other studies, the use of biodiesel
induces higher combustion pressures and temperatures, increasing NOx emission’s formation; however, in this
study no significant changes in NOx were observed.

The reduction in smoke density becomes evident as the biodiesel content in the fuel blend increases. The maximum
reduction was of 48%. The most important factor that induces the reduction of opacity is the oxygen content in the
biodiesel molecule (oxygenated fuel) which allows for a more complete combustion even in regions close to the
walls of the combustion chamber.

The NOx-PM trade-off was confirmed by showing the conditions in which the NOx level decreases. This effect
can stem from the increased radiation of the particles (greater opacity) that reduces the combustion temperature
and, consequently, NOx formation.
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