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Abstract: This paper evaluates the biodiesel produced by a biodiesel plant located in the Mexican
Centre for Cleaner Production (CMP + L by its acronym in Spanish) of the National Polytechnic
Institute of Mexico. Pollutant emissions from two types of engines were studied: a low power
monocylinder engine and a 30-kW electric generator diesel engine. The tests were performed with
the following blends: B5, B10, B15, B20, B30, B40, and B50. Parameters such as carbon monoxide,
nitrogen oxide, hydrocarbons, and combustion efficiency were analyzed, as well as sulfur dioxide,
oxygen, and combustion temperatures. It was demonstrated that NOx increases as the percentage of
biodiesel increases, while CO decreases slightly using the monocylinder engine. In the case of the
electric generator diesel engine, the B5 mixture had the highest trend for NOx and the lowest trend
for CO. Likewise, combustion efficiency was found to be severely affected by the biodiesel blends, i.e.,
from B5 to B20. An analytical study and experimental thermography tests of the combustion process
with biodiesel blends were carried out, and the technical problems of operation when incorporating
biodiesel blends are presented.

Keywords: pollutant emissions; biodiesel; monocylinder engine; electric generator; fuel blends

1. Introduction

The industrial revolution established new forms of production, such as serial and mass production.
Since then, the use of fossil fuels has been an indispensable energy resource. However, some of the
consequences of its use are damage to the environment and the health of living beings.

An example of this is Mexico City, which is one of the most polluted places in the world, where the
implementation of the Kyoto protocol was carried out in 1997. This protocol establishes the percentages

Appl. Sci. 2020, 10, 8646; doi:10.3390/app10238646 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-2465-6939
https://orcid.org/0000-0003-0291-7384
https://orcid.org/0000-0002-6210-4097
https://orcid.org/0000-0001-5470-6066
https://orcid.org/0000-0003-2553-5901
http://www.mdpi.com/2076-3417/10/23/8646?type=check_update&version=1
http://dx.doi.org/10.3390/app10238646
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 8646 2 of 19

of reduction in greenhouse gas emissions, stating that a reduction of at least 5.25% in CO2 emissions is
required, a request that the federal government undertakes to comply.

The government has previously tried to implement programs aimed at reducing pollution levels.
The best known was the program “Hoy no circula”, introduced in 1989, in which cars that did not
reach the emission criteria could not be used on a given day of the week, depending on the last number
of the vehicle license plate. Analyzing the impact of this program with a regression discontinuity
design, Germá Bel et al. mentioned that this policy was not effective [1]. There was cause for alert
when Mexico, in 2011, was in 13th place among the top 15 countries generating the most greenhouse
gases (GHGs), being responsible for 2% of total GHGs released into the atmosphere, one of the main
factors responsible for global climate change [2].

According to the Global Database on Air Pollution in Urban Environments, reported by the
World Health Organization in 2016, Mexico City ranked as the seventh most contaminated city by
fine suspended particles [3]. In the same year, the Mexico City government began a reforestation
program, where the sanitation and reforestation of avenues and ridges were carried out with suitable
species for climatic and urban conditions. According to the World Health Organization (WHO) in 2008,
around 1.3 million people die annually because of air pollution; 3.7 million died in 2012. Additionally,
more than two million premature deaths were related to air pollution [4].

It has been estimated that 24% of the global disease burden and 23% of all deaths can be attributed
to environmental factors [5]. Experts who have worked for the Mexico City government have said
that the pollution rate is derived from the increase in the number of vehicles, the majority of which
circulate daily. In comparison to the engine using gasoline, diesel engines are widely used in medium
and heavy applications due to their lower fuel consumption, lower emissions of carbon monoxide
(CO), and unburned hydrocarbons (HC) [6]. For these reasons, particles causing the greenhouse effect
should be minimized; hence, the use of biofuels, especially biodiesel, may represent a different option.

The raw material used in the biodiesel production process is varied (e.g., different types of
vegetable oils and animal fats, recycled oils), making the corresponding chemical reaction result in a
multiplicity of esters of different fatty acids in variable proportions, all of them called biodiesel [7].
Transesterification is a chemical reaction that has shown the best results in obtaining biodiesel.
A triglyceride reaction (composed of a molecule of glycerol esterified by three molecules of fatty acids)
is contained in vegetable oil, animal fat, and light alcohol (methanol or ethanol). Glycerin products
and esters derived from the three starting fatty acids are obtained as biodiesel. In general, methanol
is used as an alcohol replacement, in which case biodiesel will be composed of methyl esters [7].
Transesterification depends mainly on the amount of alcohol, catalyst, pressure, time, FFA (free fatty
acids), and the amount of water. Oils with a large amount of free fatty acid are difficult to process
because they will form a soap solution in the presence of the catalyst [8]. In terms of fuels for diesel
engines, there are several factors affecting suitability. A critical characteristic is the number of cetanes
(CN) that is used as a measure of combustion quality. The higher the cetane number, the faster the fuel
evaporates, inducing an increase in the pressure inside the cylinder. This faster transition, from liquid
to gas, can result in greater output power, allowing higher engine speeds [9].

The compounds that can be found during the exhaust emissions in an engine and their respective
effects are listed as follows:

# Sulfur dioxide (SO2) is a colorless gas that is mainly produced during the burning of fossil fuels
containing sulfur. According to the 2014 emissions inventory [10], a high concentration of this
contaminant can damage the lungs and generate infections, especially if it is in amounts greater
than 1.5 ppm, and it may present with bronchial constriction and respiratory infections [11].

# In addition, nitrogen oxides (NOx) are generated in combustion processes by the reaction between
atmospheric nitrogen and oxygen. The term nitrogen oxides generally refers to the sum of the
concentrations of nitric oxide (NO) and either nitrogen dioxide or nitrous oxide (NO2) [12].
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# Carbon monoxide (CO) is a tasteless, colorless, and odorless gas. In the atmosphere, it plays a
minor role as a greenhouse gas because of its ability to absorb small amounts of infrared energy
radiation [12].

# Finally, hydrocarbons (HC) means the collective concept of almost all chemical compounds of
carbon and hydrogen. HC emissions are attributed to incomplete combustion of the air and fuel
mixture due to a lack of oxygen. Partially oxidized hydrocarbons (e.g., aldehydes, ketones) smell
unpleasant and form secondary products that, with the lasting action of specific concentrations,
are also considered carcinogens [13].

Biodiesel has become an attractive fuel due to its efficiency and low cost compared to gasoline [14].
In addition to reducing unburned hydrocarbons (HC) and CO particles, it can also increase the amount
of NOx [15]. Biodiesel has similar properties to those of diesel; for example, it is similar in cetane
number. It has the property of being biodegradable, improving lubrication, and it is not particularly
toxic [14]. Many researchers agree that the biodiesel used in internal combustion engines generally
causes a decrease in soot, HC, CO, and PM, but it generates an increase in NOx emissions [15–17].
Recent research has shown the problems caused by the use of biodiesel in internal combustion engines;
researchers have concluded that the use of pre-injection systems reduces soot, as well as HC and
CO emissions. However, NOx emissions are higher in comparison to the result obtained for mineral
diesel [18]. That is why the injection system is important; it is responsible for polluting emissions such
as NOx [15]. Another common problem is the characteristics of the combustion chamber, as shown by
other research on combustion performance [19].

The use of biofuels in engines, due to their properties, can cause some disadvantages. A specific
example is incomplete combustion [20]. The effect of this incomplete combustion is reflected in the
increase of some polluting gases in tests made with biofuels in diesel engine generators, showing a
reduction in HC and CO but an increase in NOx [21] and a decrease in the emission of suspended
particles (PMs) and CO2 [22]. There are many studies related to electric generators; alternative fuels
have been analyzed to find the ones that offer the most significant benefits, with biodiesel considered the
best alternative to meet the world’s energy demands [23]. Thermal efficiency, engine performance, fuel
consumption, and gas emission are the most important parameters to evaluate them. Governments,
automotive manufacturers, and biodiesel producers have carried out research and development
programs for biodiesel–diesel validation tests [24]. There are physical phenomena in the use of
biofuels; for example, when biodiesel and ethanol contain water, they show a reduction in the initial
sulfur portion as well as the content of polycyclic aromatic hydrocarbons. However, CO emissions
increase as there is incomplete combustion of fuels due to low combustion temperatures [25]. In
other investigations related to electric generators (with diesel engines), there have been increases
in HC and CO2, but NOx and CO are reduced [26]; even the reduction of sulfur dioxide (SO2) has
been reported [23]. Some of the reasons for these behaviors lie in the biofuel’s chemical composition:
the increase in oxygen in the fuel produces high temperatures that generate these polluting gases [27].
The importance of pressure and temperature conditions to which the combustion chamber is subjected
and the adequate formation of the air/fuel mixture are factors that influence the generation of polluting
emissions [28]. The importance of these gases lies in the fact that they generate health problems in
human beings while damaging the environment, either by affecting soils or causing acid rain to fall in
contaminated areas [29].

This research validates the use of biodiesel (biofuel based on residual vegetable oil) by analyzing
polluting emissions and combustion efficiency in a monocylinder engine and an electric generator,
both four-stroke. The biodiesel was developed at the National Laboratory for Development and Quality
Assurance in Biofuels (LaNDACBio by its acronym in Spanish) of the Mexican Center for Cleaner
Production that belongs to the National Polytechnic Institute of Mexico. This study proposes a new
alternative to biodiesel applied to low-power engines and electric-generator diesel engines because
the operating conditions required for this type of application are not that demanding compared to
transport applications. It is also relevant to reducing the environmental impact in highly polluted
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cities; for example, in Mexico City, there are many stationary diesel combustion engines where it can
be applied.

This paper is organized as follows: In Section 2, the materials, equipment, and methodology
for the experimental tests are defined and the characteristics of the single-cylindrical motor and the
electric generator are shown; the results obtained and other relevant works are discussed in Section 3;
additionally, an analysis of the combustion process and experimental thermography tests is shown in
this section; finally, Section 4 shows the conclusion and possible future work.

2. Materials and Methods

The biodiesel used in this study was produced at the biodiesel plant located in the Mexican
Center for Cleaner Production (CMP + L by its acronym in Spanish) of the National Polytechnic
Institute of Mexico; all the chemical reactions derived from residual vegetable oil were carried out
with alcohol (in this case, methanol), producing a total of approximately 800 L of biodiesel, with
around 200 L of glycerin as a byproduct. The characteristics of the biodiesel are shown in the Results
section. Experimental tests were performed using two types of combustion engines: the first engine
is a four-stroke low-power monocylindrical engine and the second engine is an electric four-stroke
generator, both described below.

2.1. Equipment and Materials for Experimental Tests on a Low-Power Monocylinder Four-Stroke Engine

This test describes the experimental methodology of polluting emissions and combustion efficiency.
For this test, three types of equipment were used:

• Four-stroke low-power monocylindrical engine
• Electronic circuit
• Exhaust gas analyzer

Table 1 shows the parameters and characteristics of the engine used for this experimental test.

Table 1. Technical characteristics of the engine.

Brand Mpower

Model 186FD

Type of motor Diesel, mono cylinder,
Vertical, four strokes

Maximum power 9 HP/3600 RPM
Cylinder dimensions 86 × 70 mm

Displacement 406 mL
Compression 19:1

Maximum torque 18.7 Nm/2880 RPM
Ignition system Compression

Engine start Electric and manual
Oil filter Semidry type

Oil capacity 1.65 Lt
Fuel tank capacity 5.5 Lt
Fuel consumption 280 g/kWh

Dimensions 525 × 515 × 560 mm
Weight 48.5 kg

Figure 1 shows the engine used; this is composed, in general terms, of a fuel tank, an air filter, an
oil filter, a fuel stopcock, an accelerator, an intake manifold, and a mechanical and electrical ignition.
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engine air filter. 

Figure 1. Mpower cylindrical mono diesel engine.

The circuit was designed and assembled with a set of electronic and programming elements for
measuring parameters such as revolutions per minute (RPM), absolute pressure, and temperature.
Automotive sensors were used, such as MAP sensor, rpm sensor, and temperature sensor; the parameters
were displayed on a 16 × 2 inch LCD screen. For the measurement of these parameters, a free
hardware programming board (Arduino UNO) was used with the code required for the conversion
of analog-to-digital type signals. In addition, the screen mentioned is used to display the measured
parameters. Figure 2 shows the speed sensor per minute that was installed on the rear of the engine,
together with a 45-tooth gear mounted to the motor output shaft. This sensor contained a soft iron
core (polar spike) surrounded by a winding. The polar spike communicates with a permanent magnet.
There is a magnetic field that extends over the polar spike and penetrates the pulse wheel.
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Figure 3 shows the placement of the intake manifold absolute pressure (MAP) sensor in the engine
air filter.

For the gas analysis, the BACHARACH® ECA 450 environmental combustion register was
used. This is an environmental emissions analyzer that provides information on different combustion
parameters like O2 = % Oxygen, CO = Carbon Monoxide, EFF = % Combustion Efficiency, CO2 = % of
Carbon Dioxide, TSTACK = Chimney Temperature, TAIR = Ambient Temperature, EA = % Excess Air,
NO = Nitric Oxide, NO2 = Nitrogen Oxide, and HC = % Fuel (methane base).
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2.2. Experimental Methodology Low-Power Monocylinder

Experimental tests were performed with different proportions of blends: 100 wt % fossil diesel
(B0), B10, B20, B30, B40, and B50 (where 10, 20, 30, 40, and 50 represents the wt % of biodiesel); 1-L
volume was used to do the tests. To obtain combustion values, the following steps were performed:

1. The mixtures B0, B10, B20, B30, B40, and B50 were produced to obtain greater accuracy.
2. The mixture was poured into the diesel engine fuel tank.
3. The engine was preheated with the corresponding blend, lasting 5 min, then, the regulation of

fuel injection pressure and operating temperature were measured.
4. The engine revolutions were adjusted at 2000 rpm (at this point, the maximum power and torque

were obtained according to the engine’s peak performance).
5. The gas probe was placed for 5 min in the exhaust pipe according to the manufacturer’s

specifications, after which the ECA 450 equipment automatically gave the data.
6. The experimental tests were performed with 5 min lapses in each measurement;

then, measurements were made for each percentage of blending.
7. At the end of each test, the fuel tank was purged to leave it clean for subsequent tests, and the

amount of remaining blend was stored in containers.

2.3. Equipment and Materials for Experimental Tests in Electric Generator

For the experimental tests on the electric generator, three types of equipment were used:
(1) 30 kW nominal multiphase generator, (2) 434 B multiphase Fluke electrical network analyzer,
and (3) BACHARACH® PCA 400 exhaust gas analyzer. The corresponding characteristics are described
in Table 2.

(A) Three-phase generator, with 30 kW Nominal/Closed/Manual Start. The technical characteristics
are shown in Table 3 below.

(B) Technical data of the exhaust gas analyzer: the BACHARACH® PCA 400 is an industrial-grade
handheld emission and combustion analyzer. This analyzer measures combustion efficiency
(%Eff), carbon monoxide (CO), and nitrogen oxide (NO), among others.

(C) Fluke® 434 B multiphases (electrical network analyzer) is the perfect tool for advanced energy
registration and monetization; identifying the areas of most significant energy waste of facilities,
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this analyzer measures voltage, current, frequency, harmonics, voltage fluctuations, and electrical
power, among others.

Table 2. Technical characteristics of the electric generator.

MOTOR

Engine Brand Thunder® VANS
Engine Power 67.00 HP
Displacement 4100.00 cc

Ignition Electric 24VCD 5 kW
Engine Type Diesel

Engine strokes 4
Engine RPM 1800 RPM

Fuel Tank Capacity 150 L
Recommended Oil SAE 15 W/40 (Included)

Oil Filter Included
Oil Capacity 11 L
Oil Sensor Included

Maximum Power—Generator: 33.3 kW
Nominal Power—Generator: 30 kW

Voltage 240/120 VCA

Table 3. Properties of diesel and biofuel for analytical combustion analysis [30].

Properties Diesel Biodiesel

Norm ASTM D975 ASTM PS 121
Kinetic viscosity at 40 ◦C 1.3–4.1 1.9–6

Specific gravity at 15.55 ◦C 0.85 0.88
Density (lb/gal) 7.079 7.328

Carbon % 87 77
Hydrógen % 13 12

Oxygen % 0 11
Sulfur % 0.05 0.0024

Flash point (◦C) 60–80 100–170
Cetane number −35 to –15 −15 to 10

Stoichiometric ratio
(air/fuel) 40–55 48–65

2.4. Methodology for Experimental Tests in Electric Generator

This test describes the experimental methodology of polluting emissions and combustion efficiency
in an electric generator. These experimental tests were carried out under the following procedure:
the Fluke electrical network analyzer was installed near the output connection of the electric generator
(the connection was three-phase), with the aim of measuring the three phases of the electric generator.
Subsequently, the BACHARACH® PCA 400 exhaust gas analyzer was installed according to the
manufacturer’s specifications (see Figure 4). Drastic industrial safety measures were taken due to the
industrial-grade equipment that was handled in this study.

The blends B0, B5, B10, B15, B20, and B25, which were taken for experimental tests, are observed
in Figure 5. An important fact to mention is that no blends were made at more than 25% because, in a
previous test (low-power single-cylinder engine) on the B20 mixture, the polluting emissions values
were considerably increased. In this case, it has limited the blend to a maximum B25 so as not to affect
the equipment.

Figure 6 shows the containers where each one contains 10 L per blend for experimental tests.
With this amount of fuel, the electric generator is kept on for an average time of 30 min. In addition,
the electrical power of 6772.8 kW was kept constant; with this load, all emission tests were performed
for blends B0, B5, B10, B15, B20, and B25.
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As a complementary analysis, an analytical study of combustion emission volumes and
experimental thermography tests of the combustion process were carried out. The methodology used
is described below.

2.5. Methodology for Combustion Product Volume Analysis

This work carried out an analytical study of the combustion products in fuel blends;
the methodology used in this calculation was by Jarquin et al. [31]. Table 3 shows the properties of
biodiesel and diesel that were used for this analysis.

Table 3 shows the content of carbon (C), hydrogen (H), oxygen (O), and sulfur (S) in %. For analytical
purposes, the % of sulfur will be considered 0% for biodiesel and diesel due to its low content. Table 4
shows the summary of mixtures between both fuels. This allows us to observe the composition of the
elements according to their fuel content.

Table 4. Compositions of the mixtures according to their percentage of biodiesel.

Content (%) B0 B10 B20 B30 B40 B50 B60 B70 B80 B90 B100

C 87.00 86.00 85.00 84.00 83.00 82.00 81.00 80.00 79.00 78.00 77.00
H 13.00 12.90 12.80 12.70 12.60 12.50 12.40 12.30 12.20 12.10 12.00
S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
O 0.00 1.10 2.20 3.30 4.40 5.50 6.60 7.70 8.80 9.90 11.00

Total 100 100 100 100 100 100 100 100 100 100 100

The following analytical assessments determine the combustion products for 1 kg of fuel, expressed
in volumetric units

(
m3

kg

)
, considering complete combustion under standard conditions of a pressure of

760 mm Hg and temperature of 0 ◦C. To find the theoretical amount of air required to burn 1 kg of
liquid fuel, the following Equation (1) is used [31]:

Vo = 0.0889 ( C + 0.375 S) + 0.265H − 0.0333O
(

m3

kg

)
(1)

The variables of C, S, H, and O refer to the content of the elements of carbon, sulfur, hydrogen,
and oxygen in Table 4. To assess the theoretical amount of oxygen needed to burn 1 kg of fuel, being
rO2 = 1.42 kg

m3 , the oxygen density [10] is calculated using Equation (2).

V0
O2

= 1.866
C

100
+ 0.7

S
100

+ 5.55
H

100
−

O

100 ×
(
rO2

) (
m3

kg

)
(2)

The volume of carbon combustion products is calculated using Equation (3) [31].

VCO2 = 1.86
C

100

(
m3

kg

)
(3)

The volume of sulfur combustion products is calculated using Equation (4) [31].

VSO2 = 0.68
S

100

(
m3

kg

)
(4)

The theoretical volume of nitrogen in combustion products is calculated using Equation (5) [31].

V0
N2

= 0.79 (Vo)

(
m3

kg

)
(5)
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The theoretical volume of the vapors in the combustion products is calculated using
Equation (6) [31].

V0
H2O

= 0.111 H + 0.0161 (Vo)

(
m3

kg

)
(6)

The volume of the triatomic gases is calculated using Equation (7) [31].

VRO2 = 1.86
C + 0.375S

100

(
m3

kg

)
(7)

2.6. Methodology for Experimental Thermography Tests

Experimental thermography tests were performed using the Mpower® motor. The aim is to
validate combustion efficiency with biodiesel blends and to analyze the thermal behavior that is reached.

The thermal imaging camera used was the Fluke ® model Ti450 PRO; its main characteristics are
shown in Table 5.

Table 5. Thermal camera specifications.

Elements Description

IFOV (spatial resolution) with standard lenses 1.31 mrad, D:S 753:1

Detector resolution 320 × 240 (76.800 píxels)

Super Resolution Capture and combine quadruple data to create a 640 × 480
(307,200 pixels) image

MultiSharp™ approach It focuses from near and far in the entire field of vision

Autofocus LaserSharp® For uniformly focused images

Laser distance measurer It calculates the distance to the target and offers correctly
focused images on the screen, as well as the distances

Advanced manual focus Yes

High resistance touch screen 3.5-inch, 640 × 480 widescreen LCD

Rugged, ergonomic design suitable for one-handed use Yes

Digital zoom 2× and 4×

The biodiesel used is the same in all tests. Thermal behaviors are detailed as follows:

1. Blends preparation. Two types of blends were prepared: B5 and B10.
2. Biodiesel load to the engine. One liter of fuel was entered into the engine tank for each blend (B5

and B10).
3. Tank securing and engine starting. Once the necessary amount of fuel had been deposited, the

tank was secured (hermetic seal) and the engine was started. A time of five minutes (warm-up
period) was allocated to reach the operating temperature.

4. Taking temperatures. During the period of operation, for five uninterrupted minutes and with an
average opening of air intake, temperatures were taken with the Fluke ® thermal imager on all
the engine profiles.

5. Draining the fuel. After taking temperatures, the engine was switched off. The residual fuel was
drained from the engine tank and stored in a beaker to verify the amount consumed. This process
was repeated for each blend.
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3. Results and Discussion

3.1. Characteristics of Biodiesel

The characteristics of biodiesel (derived from the residual vegetable oil) are shown in Table 6.
The physical–chemical characteristics of the biodiesel used in this experimental study comply with
international standards.

Table 6. Characteristics of biodiesel.

Test Result Methodology

Dynamic Viscosity mpa·s @ 40 ◦C 3.6499 ASTM D7042

Kinematic Viscosity mm2s @ 40 ◦C 4.2063 ASTM D7042

Density g/cm3 @ 15 ◦C 0.8865 ASTM D4052

Flashpoint ◦C 150 ASTM D93

Acid number mg KOH/g 0.424 NMX-F-101-SCFI-2012

Acid number % 0.213 NMX-F-101-SCFI-2012

Calorific value MJ/kg 39.8785 ASTM D4809

Oxidative stability (h) 3.66 ASTM D7525

Cold filtered ◦C −4 ASTM D6371

3.2. Experimental Test Results with the Monocylindrical Engine

The results obtained with the monocylindrical engine are presented in Figure 7. In comparison to
pure diesel, it was observed that the B50 blend displayed a decrease of 11.5% in chimney temperature
(temperature measured in the exhaust pipe) with respect to the B0; also, there was a decrease in the
percentage of oxygen (O2) in the exhaust gases, showing a decrease of 1.14% for the B50 test with
respect to B0 (see Figure 7B).

Figure 7C shows the decrease in the percentage of hydrocarbons present in the exhaust gases;
this decrease for the B50 blend was 12.5% with respect to pure diesel. The percentage decrease in
hydrocarbons shows a positive signal of combustion because this is the main component of air pollution.
Figure 7D shows a decrease in CO ppm in the B50 blend by around 3.99% with respect to pure diesel B0;
also, there was a decrease in blends B30 and B40 behavior, which is positive because carbon monoxide
is one of the main pollutants from low fuel combustion.

In Figure 7E, NO was significantly improved to 62.5% in B50 with respect to B0. Similarly, NO2

showed an increase of this compound in each blend, observing a maximum value of 46.33 ppm,
representing an increase of 188.8% with respect to B0. Figure 7E shows an increase in NOx in ppm,
and this represents an increase of 114% with respect to B0. Nitrogen oxides cause health diseases such
as organ conditions, lung infections, and respiratory failure.

Figure 7F shows the behavior of SO2; the results showed a decrease in SO2 mainly for blends
B30, B40, and B50, observing the minimum value in B20 with a value of 3.6 ppm. This represents a
positive result for the environment and human health because this compound can cause degeneration
in people’s health, from irritation and inflammation of the respiratory system to pulmonary conditions
and insufficiencies.

In addition, this compound, when mixed with rain, can be transformed into sulfuric acid, causing
“acid rain”, so this compound is of the utmost importance to reduce n vehicle exhaust. In articles
related to fuel blends, the use of biodiesel as biofuel, with various advantages, has been seen as positive.
Toxicity levels are lower in biodiesel than those presented by diesel, and its performance has a minimal
difference. Compared to fossil diesel, biodiesel does not produce sulfides, net carbon dioxide, carbon
monoxide, or particles of matter, and there are no smoke or hydrocarbon emissions [32]. An analysis
has been made of biodiesel produced with rapeseed oil, which is gaining acceptance in the biofuel
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market due to the environmental and economic benefits that it provides. Some publications have
indicated that rapeseed biodiesel has almost the same performance as fossil diesel and reduces ignition
delay, in addition to considerably reducing polluting emissions compared to biodiesel from other
raw materials [33]. In a recent study to evaluated exhaust emissions with blends of biodiesel in a
single-cylinder diesel engine, it showed that the earlier the injection, the lower the complete combustion
and engine performance for all engine loads due to the increased amount of biodiesel cetane [34].
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Figure 7. Experimental results with the monocylindrical engine.

3.3. Experimental Test Results with Electric Generator

The literature shows that real power is the main parameter to be measured in electric generators.
This parameter is associated with combustion efficiency—if the generator is closer to its maximum
power, combustion is more efficient, to quote. However, other studies have shown that the base
product of the biodiesel has an influence on engine performance. An experiment was carried out with
parameters similar to those used in this article, with the use of biodiesel derived from jojoba and carbon
nanotubes of multiple walls to measure the performance of the engine. Similarly, engine preheating
and variation of engine speed led to better burning of the fuel, in addition to similar parameters [35].
In comparison with this work, the main difference is the biodiesel raw material. Figure 8 shows
the behavior of the electric generator; clearly, better combustion efficiency is observed when electric
power increases.
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Combustion efficiency (%Eff). Combustion efficiency is defined as the ratio of heat released by
the fuel to the heat input by the fuel [36]. For combustion efficiency, a considerable difference in pure
diesel (B0) and blends B0, B5, B10, B15, and B20 is observed in Figure 10. We can see that B0 tends to
be around values of 76% to 77% of efficiency in contrast to the other blends that have efficiencies of
69% to 71%. This could probably be due to the geometry of the combustion chamber, time injection,
pressure, temperature, type of fuel, and other factors.
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NO (nitrogen oxide) emissions. In Figure 11, nitrogen oxide emissions values are observed; for the
B5 mixture, they are considerably increased. For mixtures B10 and B15, values with a tendency to
decrease NO are observed.
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In the previous figure, it shows a similar trend in NO emissions; for example, the B5 blend presents
high values for NOx while lower NOx values are presented with the B15 blend.

3.4. Results of Combustion Product Volume Analysis

Table 7 shows the analytical results of the combustion product volume: a decrease is observed in
the mass volume of gases (V0), CO2, and O2 as the % of biodiesel, H2O, and N2 increases. It can be
stated that the % of biodiesel in fossil diesel significantly affects the combustion process. The results of
volumes of combustion products are used to obtain the enthalpy of each gas; this allows us to know the
amount of heat generated when burning the fuel. The enthalpy considers a stable flow, temperature,
pressure, and volume of the gas, using specific heat at constant pressure. This analysis shows that as
the combustion temperature increases, NOx is generated.

Table 7. Combustion product volume results.

Combustion Product Volume (m3/kg)

B0 B10 B20 B30 B40 B50 B60 B70 B80 B90 B100

VO 11.18 11.03 10.88 10.72 10.57 10.42 10.27 10.12 9.96 9.81 9.66

VO2 2.34 2.31 2.28 2.25 2.22 2.19 2.15 2.12 2.09 2.06 2.03

VCO2 1.62 1.60 1.58 1.56 1.54 1.53 1.51 1.49 1.47 1.45 1.43

VSO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

VN2 8.83 8.71 8.59 8.47 8.35 8.23 8.11 7.99 7.87 7.75 7.63

VH2O 1.62 1.61 1.60 1.58 1.57 1.56 1.54 1.53 1.51 1.50 1.49

VRO2 1.62 1.60 1.58 1.56 1.54 1.53 1.51 1.49 1.47 1.45 1.43

3.5. Results of Experimental Thermography Tests

Experimental thermography tests were performed using the Mpower® motor. The aim is to
validate combustion efficiency with biodiesel blends and to analyze the thermal behavior of the
combustion chambers.

The results obtained are presented below.
Figure 12 shows the results of the B5 mixture, with maximum combustion temperatures in the

chamber of 174.12 and 174.37 ◦C, respectively. Block temperature reached 73.04 ◦C, and in accessories,
it reached 45 ◦C.
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With the B10 mixture (Figure 13), there was a maximum temperature of 175.6 ◦C in the combustion
chamber. The block reached a maximum temperature of 64 ◦C. Compared to the previous iteration
(B5), the temperature in the combustion chamber increased with the B10 mixture; a summary of these
results is shown in Table 8. The importance of this analysis is to corroborate the combustion efficiency
through the combustion temperature; the results show an increase in the combustion temperature by
increasing the percentage of biodiesel. This has the same trend as the analysis in Table 7.
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Table 8. Result thermography tests.

Blends Minimum Temperature in
Combustion Chamber

Maximum Temperature in
Combustion Chamber

B5 174.12 ◦C 174.37 ◦C

B10 175.35 ◦C 175.60 ◦C

This work reveals a decrease in carbon monoxide and a considerable increase in nitrogen oxides.
On the other hand, another study carried out with canola biodiesel, with proportions of 5%, 10%,
15%, and 20% (% blends) and conventional diesel under different loads in a single-cylinder engine,
showed, among several results, that ignition was delayed. However, there was a minimal delay with
canola biodiesel; NOx emissions decreased, as well as the generated smoke and CO2 in all charges [37].
Additionally, a recent study by P. Mohamed Shameer and K. Ramesh (2018) analyzed and proposed
effective strategies for injection time and pressure in the combustion chamber. The results of the
proposed strategies were long ignition delay, finer atomization, lower cylinder temperature, lower gas
pressure, and rapid combustion [38]. Based on the results obtained and other scientific studies, it can
be concluded that there are many factors that affect the combustion process in a compression engine,
and this is reflected in exhaust emissions. These factors are mainly biofuel raw material, injection delay,
and the physical characteristics of the combustion chamber, among others.

4. Conclusions

Experimental tests in a single-cylinder engine show the following trend: NOx increases as
the percentage of biodiesel increases, whereas CO decreases. It showed a positive behavior of the
hydrocarbons present in the exhaust gases, with a decrease of the parts per million of 15.11% of the
mixture B50 compared to B0, since the amount of these particles decreased, which could be indicative
of better fuel combustion. A continuous decrease of carbon monoxide particles present in the exhaust
gases was observed, which represents a decrease of 4.88% with the use of the B50 mixture compared to
the B0 mixture.
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Considerable increases of 243.8% (NO), 219.32% (NO2), and 46.44% (NOx) in the exhaust gases
were observed. In the literature, researchers have reported increases in NO and NO2, related to the
physical characteristics of the combustion chamber. A positive behavior of sulfur dioxide was obtained
from the first use of biodiesel as fuel, decreasing 56.98% in the first test and maintaining between 4
and 5 parts per million during mixtures B20, B30, B40, and B50; this benefit could reduce the so-called
“acid rain” in cities.

In the case of the electric generator diesel engine, the B5 mix presented the highest trend for NOx
and the lowest trend for CO. Combustion efficiency is severely affected by biodiesel blends from B5 to
B20; this behavior has been reported by other studies, where it is mentioned that combustion efficiency
is affected by fuel type, bed temperature, gas velocity, and excess air levels. Combustion efficiency
increases with fuel volatile matter content and bed temperature. Combustion efficiency decreases with
increasing superficial gas velocity [36].

Biodiesel, as a fuel, may vary depending on proportion of mixture, combustion engine
characteristics, and the operating conditions of the engine. The obtained results showed a constant
decrease in most of the pollutant gases measured in each test, so it is a viable energy transition
alternative for use in combustion engines. However, it is essential to mention that technical and
operational problems arose when incorporating biodiesel blends into combustion engines; the main
problems were ignition delay and low pressure in the fuel injection system.
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