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Featured Application: Seeds of the desert date palm tree can be used as potential feedstock for
the production of second-generation biodiesels in the Middle East and Africa.

Abstract: Transportation is a vital necessity without which the entire world would come to a
standstill. The fossil fuels used to power transportation are consumed at rates of approximately
100,000 times their rate of natural formation, and their consumption subjects the human environment
and ecosystem to significant damage. As substitutes for fossil-based diesel, second-generation
biodiesels can eliminate many of the challenges concerning first-generation biodiesels in terms of
their high cost and the food versus fuel debate. The seeds of the date palm tree have significant
oil content and are a promising prospective energy source. This study investigated the potential
environmental benefits of this biofuel in terms of diesel tailpipe emission reduction. The various
blends of palm date biodiesel were produced and matched to fuel standard requirements, resulting in
four standard-compatible blends that were tested in a diesel engine at varying operating conditions
for speed and load. Although the biodiesel emissions had lower concentrations of CO2, CO, and
HC relative to fossil diesel, higher concentrations of NOx were detected. The results suggest that
date-seed biodiesel could become a sustainable energy source for the transport sector, although
further technical and economic investigations will be required before its wide deployment.
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1. Introduction

In the current era of fast and significant global transition in which prosperity and planetary
health are both primary concerns, it is necessary for countries to secure, stabilize, and optimize their
energy resources [1]. Stability in the energy market, however, remains difficult to ensure as the
sector continues to be characterized by significant turbulence featuring recurrent booms and busts [2].
Fuel emissions are also a significant health risk, inducing, for example, an estimated 600,000 premature
deaths in European Union countries in 2010 alone and a corresponding morbidity of $1.575 trillion [3].
These security and environmental challenges have been exacerbated by the steep rise in the demand
for fossil liquid fuels. Some scenarios project an oil demand of up to 300 million barrels per day by
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2100 [4]. This increase in use and the associated environmental deterioration have instigated global
(public, academic, industrial, and governmental) demand for a partial to complete replacement of
conventional fuels by more secure, renewable, and sustainable sources [5]. These concerns are also
shared by engine and automotive manufacturers, who have been subjected to increasing pressure to
meet increasingly stringent tailpipe emission regulations [6]. As a result, a wide variety of alternative
fuels, of which biodiesels are the most prominent, have been proposed to address some of the concerns
associated with fossil fuels. However, factors including the limited availability, lower energy content,
and high production costs pose significant challenges to the large-scale uptake of biodiesels and other
alternatives [7]. In the biodiesel fuel case in particular, it has become necessary to seek out and evaluate
any potential feedstock that can boost availability.

The attempts to identify appropriate feedstocks can be classified into a series of biodiesel
generations. First-generation biodiesels are agrofuels extracted from crops that would otherwise
be cultivated for the purpose of food production. First-generation biodiesels have a number of
desirable attributes that make them excellent compression-ignition engine fuels, including renewability,
compatibility with existing automotive engines and fuel handling infrastructure, and high energy
densities of ~90% of that of fossil diesel (39.8 MJ/kg for date seed oil (DSO) compared with 44.6 MJ/kg for
fossil diesel fuel). It has also been shown that pure biodiesel can result in a reduction of “cradle-to-grave”
CO2 emissions of at least 50% relative to its fossil-based diesel counterpart [8]. However, other life
cycle analyses have shown that only limited savings in greenhouse gas emissions can be attained
using biodiesel [9]. Although such analyses use significantly varying methodologies and the data and
differences in the results should be viewed from this perspective [10], it is true that first-generation
biodiesel suffers from other problems, including the difficulty in sustaining feedstock, accelerated
deforestation, biodiversity damage, and the effects of production on water scarcity, production costs,
and food prices.

To address these issues, biodiesels derived from non-edible feedstocks or waste streams
(second-generation biodiesels) have emerged as a promising alternative [11–15]. These biodiesels
can be produced from waste streams in the food supply chain, which are estimated to comprise
>30% of the global food supply balance and are typically landfilled or incinerated [16]. To produce
second-generation biofuels, a number of waste streams have been investigated and exploited, including
used cooking oil [17], waste coffee [18], and the seeds of the date palm trees [19].

The seeds of the date fruit are a promising feedstock for biodiesel production in the Middle East
and North Africa, which support the most appropriate habitats for the cultivation of the desert date
palm. Almost 90% of the total global production (8.166 million t in 2017 [20], harvested from more than
100 million trees [21]) originates from this region. The seed mass is 11–18% of the date fruit mass [22]
and has an oil content of 4–13% [23,24]. These figures indicate that it is theoretically possible to extract
an annual 127 kt of date-seed oil (DSO) to produce an identical quantity of DSO biodiesel, a substantial
quantity relative to the total annual biodiesel production in the Middle East and Africa of 38.7 kt in
2015 [2].

To date, however, there have been no significant implementations of this byproduct stream
and it is, in most cases, disposed of in landfills [25]. However, there have been some unscalable
applications, including animal feed [26,27], caffeine-free coffee [28,29], and pharmaceutical and cosmetic
products [30]. A limited number of studies [19,30,31] have examined date seeds as a potential feedstock
for biodiesel production with a restricted focus on DSO extraction and biodiesel transesterification.
Although the parameters and conditions that govern the extraction and production processes were
identified and their optimum values specified, none of these studies tested the final biodiesel product
in an actual automotive engine to assess the performance and tailpipe emissions. In addition, there
has been no research into whether DSO biodiesel meets the entire range of specifications set out
under the standards, such as ASTM D6751 and EN14214. To fill this gap in the research, in this study,
biodiesel was produced from desert date palm seeds following a systematic procedure that adjusted
the product specifications to match those set out under international fuel standards. The four-resulting
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standard-compatible blends (B5, B10, B15, and B20) were prepared and tested in a compression engine
to evaluate their tailpipe emissions of CO2, CO, HC, and NOX and to assess their relative cost viabilities
relative to fossil-based diesel fuel.

2. Materials and Methods

2.1. Biodiesel Production from Date Seeds

The fine date-seed powder was obtained from Sharjah Dates Factory, a domestic date facility,
and used as feedstock for oil extraction using a Soxhlet extractor (B 811 BUCHI, Flawil, Switzerland).
The following conditions and parameters for obtaining the optimum extraction yield were obtained
from the literature [25,31–35]: Hexane solvent (S D Fine-Chem Limited); a temperature of 60 ◦C; 4 h
time; and a solvent/seed weight ratio of six. The gums formed in the resulting oil were eliminated via
a degumming process in which they were hydrated by small amounts of water and then separated
by centrifugation. The resulting DSO had phosphorus (P), and magnesium (Mg) plus calcium (Ca)
concentrations of 9.08 and 14.16 ppm, respectively, both higher than the limits accepted under ASTM
D6751 (5 and 10 ppm for P and for Mg plus Ca, respectively). To reduce these levels to tolerable
concentrations, the DSO was subjected to the “phosphoric acid treatment procedure.” [36]. The measured
free fatty acid content of the resulting DSO of 0.42 wt.% (using the titration method) was compliant
with the level specified by ASTM D6751, justifying the use of a one-step transesterification process.
The final product had an oil yield of 10.74%, and the fatty acid profile is as shown in Table 1 (gas
chromatography with flame-ionization detection (GC/FID)). The biodiesels were produced using a
standard transesterification process using the following parameters and conditions for optimum oil
conversion based on previous research [19,31,32,35,37]: Methanol (Fisher Chemical, Pittsburgh, PA,
USA), NaOH (Sigma-Aldrich, MO, USA) as catalyst, methanol/DSO molar ratio of 9/1, catalyst/DSO
mass fraction of 1/100; 1 h time; and a temperature of 55 ◦C, respectively. The resulting DSO biodiesels
were purified using distilled water, dried, tested, and finally characterized for conformity with the
standards. Table 2 summarizes the properties of the DSO biodiesel along with those of the fossil-based
diesel and other second-generation biodiesels. Four of the biodiesel-diesel blends, which are labeled
B5, B10, B15, and B20, respectively, were then assessed in terms of their impact on engine tailpipe
emissions and performance.

Table 1. Fatty acid profile of date-seed oil (DSO).

Fatty Acid Chemical Structure Content in DSO (wt.%) Molar Mass (g/mole)

Lignoceric C24:0 0.24 368.65
Erucic C22:1 0.38 338.58

Behenic C22:0 0.46 340.59
Arachidic C20:0 0.21 312.54
Linolenic C18:3 0.11 278.44
Linoleic C18:2 9.95 280.45

Oleic C18:1 44.73 282.47
Stearic C18:0 4.54 284.48

Palmitoleic C16:1 0.09 254.41
Palmitic C16:0 12.01 256.43
Myristic C14:0 10.14 228.38
Lauric C12:0 16.14 200.32
Capric C10:0 0.47 172.27

Caprylic C8:0 0.34 144.21
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Table 2. DSO biodiesel specifications compared with Jatropha biodiesel.

Property DSO Biodiesel Jatropha
Biodiesel a

ASTM D6751
Biodiesel

ASTM D975
Diesel

Flash point (◦C) 164 182.5 >130
1D: 38
2D: 52

Cloud point (◦C) +9.4 3 Report −20
Cetane number (-) 62 51 47 min. 40 min.

Acid number (mg KOH·g−1) 0.29 0.05 0.5 max. -

Viscosity @ 40 ◦C (mm2
·s−1) 4.38 4.38 1.9–6.0

1D: 1.3–2.4
2D: 1.9–4.1

Heating value (MJ/kg) 39.8 40.5 - 44.6
Calcium & Magnesium

combined (mg·kg−1) 3.27 - 5 max. -

Sulfur (ppm) 0.93 4.59
15 ppm for S15

grade; 500 ppm for
S500 grade

1D and 2D
15 ppm for S15

grade; 500 ppm for
S500 grade

Water & sediment (vol.%) 0.019 - 0.05 max. 0.05% max.
Sulphated ash (wt.%) <0.02 - 0.020 max. -

Carbon residue (wt.%) 0.023 - 0.050 max.
1D: 0.15 max.
2D: 0.35 max.

Phosphorous content (wt.%) 0.0002 - 0.001 max. -

Distillation 90% (◦C) 352.4 - 360 max.
1D: 288 max.
2D: 282–338

Sodium & potassium (ppm) 3.2 - 5 max.
Oxidation stability (h @ 110 ◦C) 7.4 b 3 c 6 min. 110

a Data obtained from [13]; b considering EN 15751; c considering EN ISO 14112.

2.2. Experimental Settings and Engine Test Rig

A single-cylinder compression ignition (CI) naturally aspirated engine (Figure 1, Table 3) was used
to carry out the tests. A diaphragm pump mounted in the crankcase was used to deliver high-pressure
fuel to the injector, which was located at the center of the hemispherical bowl-in-piston combustion
chamber. The mass flowrate of air draw during the intake process was measured via a differential
pressure transducer mounted at the entrance of a plenum cylinder used to attenuate the pulsation
of the intake process. The fuel mass flow rate was measured using a burette mounted in the pipe
connecting the fuel tank to the fuel pump. The engine was loaded by a dynamometer—a car alternator
modified for the purpose—with the load governed by a bridge rectification circuit that managed the
external excitation and dissipated generated heat using an air-cooled resistive load bank. The rotational
speed of the engine was sensed using a proximity switch, and an exhaust gas analyzer (EMS 5003)
(Table 4) was used to measure the engine tailpipe emissions of CO2, CO, NOx, and HC.

The emission trends were investigated under different engine loads (50, 75, and 100%) and for
a range of engine speeds (1600–3600 rpm in steps of 200 rpm) to obtain a broad understanding of
emission behaviors and a wide scale for comparison. The differences between the emission levels of
the benchmark diesel (grade 2D) fuel and those of the biodiesel fuels were normalized with respect to
the benchmark as M = (Mb −Md/Md) × 100%, where M is the normalized value, Mb is the biodiesel
measurement, and Md is the benchmark diesel measurement. Then, the normalized values were
represented in a series of charts showing the percentage fractions of the variations as contour figures
adjacent to their respective trends.
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Figure 1. Experimental setup of the engine test rig.

Table 3. Test engine specifications.

Specification Value

Engine brand Lombardini (15-LD-225)
Bore (mm) 69
Stroke (mm) 60
Displacement volume (L) 0.224
Compression ratio 21
Engine power at 3600 rpm (kW) 3.5
Engine torque at 2400 rpm (N·m) 10.4
Intake valve opening (Crank angle BTDC) 6◦

Intake valve closure (Crank angle ABDC) 22◦

Exhaust valve opening (Crank angle BBDC) 58◦

Exhaust valve closure (Crank angle ATDC) 10◦

Table 4. Technical data of the exhaust gas analyzer (EMS 5003).

Types of Exhaust Gases Measuring Range Display Resolution Accuracy

CO 0–10% 0.01% 0.06%
CO2 0–20% 0.1% 0.3%
HC 0–2000 ppm 1 ppm 4 ppm

NOx 0–5000 ppm 1 ppm 25 ppm

3. Results and Discussion

This study analyzed the combustion and emissions of the DSO biodiesel blends and the base
diesel fuel. The typical volumetric makeup of the exhaust gas emissions from a diesel engine are
shown in Figure 2 [38]. It is seen from the figure that the volumetric concentration of the pollutant
emissions is typically less than 1%.
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3.1. CO2 Emissions

Technically, the presence of CO2 in the engine exhaust is a healthy sign of engine operation. Apart
from CO2, none of the principal diesel engine emissions shown in Figure 2 have adverse climate
impacts. Even though it is not itself toxic, CO2 is a prime greenhouse gas and the major contributor
to global warming. Approximately 40% of the CO2 produced by transportation, power generation,
and industry is eliminated from the atmosphere by the plant photosynthesis process and through
dissolution into surface water, which contributes to ocean acidification. The 60% of CO2 emissions that
remain in the atmosphere contribute significantly to climate change.

Figure 3 shows the variations in CO2 emissions by the respective fuels at different speeds and
loads. In all of the blends and the benchmark diesel fuel, CO2 emissions decrease as the engine
load decreases or the engine speed increases. Running the engine under a partial loading reduces
the amount of fuel delivered to the cylinder and, ultimately, the CO2 produced by the combustion.
This interpretation ties into the clear and worthy goal of reducing engine CO2 emissions through
the efficient use of combustion energy, i.e., converting the combustion energy into kinetic energy
without waste. To achieve this, the losses in the various engine accessories can be minimized, kinetic
and heat energy losses can be recovered, and the air resistance and drag from the motion of the car
can be reduced. The average CO2 emissions of diesel fuel over the entire speed range was reduced
from 8.76 vol.% under full loading to 6.9 and then 4.6 vol.% under 75 and 50% loading, respectively.
The average CO2 emissions of B20 at 100, 75, and 50% loading were 7.9, 6.4, and 4.2% vol., respectively.
When the engine ran at higher speeds, very brief time intervals were available for the intake process,
resulting in a reduced intake of fresh air, which in turn diminished volumetric efficiency and, therefore,
the CO2 emissions in the engine exhaust [39,40]. The presence of inherent oxygen in the DSO biodiesel
offset some of this oxygen shortage within the combustion chamber. Thus, a reduction of 37% in
the CO2 emission of B15 at full loading was observed, compared to the 34.1% observed for the base
diesel fuel, when the engine speed was increased from 1600 to 3600 rpm. For the same increase in
engine speed and 50% engine loading, the corresponding decreases were 47.4 and 44.7%, respectively.
It appears that, at lower engine loads, the variation in CO2 emission became more sensitive to the
increase in engine speed, which is the result of a combination of two effects that reduced both the
carbon and oxygen levels in the cylinder. The inclusion of DSO biodiesel in the blends reduced the
CO2 emissions in proportion to the biodiesel fraction: At full loading, the average reductions in CO2

emissions over the engine speed range were 2, 3.4, 5.7, and 9.6% for B5, B10, B15, and B20, respectively.
This variation can be better understood by taking a closer look at the combustion chemistries of the
respective DSO biodiesel (C16H36O2) species. The general stoichiometric combustion reaction can be
expressed as:

CnHmOw + (n + m/4 −w/2) O2→ nCO2 + (m/2) H2O, (1)
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from which it is seen that the amount of CO2 produced by the combustion is governed by the number
of moles of each reactant. In the case of fossil diesel (C12H23), burning (n) moles produces (12n) moles
of CO2. By comparison, the combustion of (n) moles of the larger DSO biodiesel molecules produces
(16n) moles of CO2. However, it is more practical to analyze the combustion reaction in terms of
mass. Fossil-based diesel has a smaller molar mass (167 g/mole) than DSO biodiesel (260.45 g/mole).
For example, burning of 1000 g of fossil-based diesel in a stochiometric combustion releases 3158.1 g of
CO2 (with a molar mass of 44.01 g/mole), while burning the same mass of DSO biodiesel produces
only 2703.6 g of CO2 because the same mass of the larger-molecule DSO biodiesel contains a lower
number of moles. As a consequence, burning DSO biodiesel releases less CO2 than the same mass of
fossil diesel. It is worth noting that the hydrogen content in DSO biodiesel is close to that in fossil
diesel and increasing the H2 fraction makes the combustion process more efficient. However, carbon
also enhances the combustion process, and the DSO biodiesels have a lower carbon content than
fossil diesel. Overall, higher C and H2 fuel content enhances diesel engine efficiency. The findings
of this study agree with other reports in the literature that CO2 emissions decrease when biodiesel is
combusted in a diesel engine [41,42].

3.2. CO Emissions

Figure 4 shows the impacts of the DSO biodiesel fraction on the amount of CO emitted by the
engine running at different speeds and loads. Carbon monoxide is a silent killer because it cannot be
perceived by visual or olfactory means, and a CO fraction of 0.5% in the air can cause unconsciousness
and kill within 15 min. Even extremely low concentrations of 0.04% can cause headaches and can kill
following exposure for several hours. Internal combustion engines (ICEs) are the main anthropogenic
source of CO gas and cause more than 95% of CO emissions in urban areas [43]. Carbon monoxide is
generated during fuel-rich charge combustion as a result of an oxygen insufficiency in the combustion
chamber that prevents full oxidization of the carbon in the fuel. The combustion reaction in a CI engine
comprises two pathways—the breakdown of the fuel to form CO, and the oxidation of CO to form
CO2—with most of the fuel’s energy liberated in the second process. The factors that determine the
CO emissions from a CI engine include the fuel-air mixture features (such as the air-fuel ratio (AFR),
mixing condition, and fuel type), engine operating conditions (such as speed, load, fuel atomization,
and injection parameters including timing, duration, and pressure), and engine specifications (such as
compression ratio and combustion chamber design) [44,45]. Of these, the AFR has the largest influence
on the production of CO emissions and can be seen as the prime driver of CO production, while
the other factors enhance its effects. Thus, a CI engine produces lower CO emissions than a spark
ignition engine because it operates under leaner overall conditions (AFR > 1). Unlike NOx formation,
the formation of CO is firmly driven by the initial stages of the combustion reaction, during which the
fuel distribution within the combustion chamber is inhomogeneous. That is, the AFR is nonuniform
and varies both spatially and temporally within the cylinder, producing fuel-rich regions that are
optimal for CO formation. A jet of injected fuel penetrates the combustion chamber, entraining hot
gas that, in turn, heats up the fuel and causes evaporation. The hot fuel vapor-air mixture forms
a sheath surrounding the jet, including the jet tip. Pre-flame combustion begins at this stage (at
a temperature of approximately 480 ◦C), drawing more hot air into the fuel jet and increasing the
temperature to approximately 550 ◦C [46]. As the temperature increases continuously, the reaction
rate of the combustion increases and, eventually, premixed combustion in which CO forms rapidly in
the flame reaction zone begins and then increases to a peak value. The diffusion flame surrounding
the spray plume is also established during this stage. Ultimately, diffusion combustion occurs at
a temperature of approximately 1,600 ◦C. If a sufficient amount of hot oxygen is available, the CO
produced by this path of the combustion reaction is oxidized to CO2. This flame plume structure and
its respective zones [46] are illustrated in Figure 5.
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It is seen from Figure 4 that, under all loads and for all of the fuel types, the CO emissions increase
moderately when engine speed increases. This trend in terms of engine speed is consistent with the
reported literature [47,48]. When the engine is operated at higher speeds, less time is available for the
intake process, resulting in reduced volumes of air and richer mixtures within the cylinder. The 18.8
millisecond (ms) available for the intake stroke at 1600 rpm is reduced to 8.3 ms at 3600 rpm. As a
result of this reduction in available time, the combustion efficiency declines from its optimum value.
The lower speeds increase the AFR and render the mixture within the combustion chamber leaner.
Similarly, with all fuels and at any speed the CO emissions from the exhaust are augmented when
the engine operates under higher loads, a trend that has also been reported in the literature [44,49,50].
As is generally true for ICEs, increasing the engine load initially results in a richer mix (with lower
AFR). However, the increase in CO emissions only continues up to an engine loading of 75%, after
which the trend reverses. At full or extremely high loading, the combustion temperature increases,
leading to complete combustion and, ultimately, a decrease in CO emissions [49]. It was also found
that blending the fossil-based diesel with the DSO biodiesels resulted in a reduction of CO emissions in
proportion to the fraction of DSO biodiesel in the blend. Once again, this finding is in full agreement
with the literature [47,48]. In these cases, the presence of fuel-bound oxygen in the DSO biodiesel
provided additional oxidant for the fuel in the combustion chamber and boosted complete oxidation to
aid in the formation CO2 [40,51]. Another contributing factor to the reduction in CO emissions was the
higher levels of cetane number (CN) (62) in the DSO biodiesel, which shortened the ignition delay
period and minimized the likelihood of the formation of local fuel-rich regions within the cylinder
that could serve as a CO incubator [52,53]. It was also found that, for all blends and at all loads,
the reduction in CO emissions through DSO biodiesel addition increased with engine speed up to
mid-range. This trend can be attributed to the inherent oxygen in the DSO biodiesel, which enhanced
the need for the oxidant, and the fact that, up to this speed range, the high viscosity of the biodiesel
did not clearly affect the combustion process. The observed peak reductions in CO emissions under
full loading at 3000 rpm were 0.0046, 0.01, 0.024, and 0.024 vol.% for blends B5, B10, B15, and B20,
respectively. In the high-speed range, however, the effects of biodiesel viscosity negated the emission
advantages of the intermediate speed range. At higher speeds, in which the combustion process
could operate under a very short time interval, the higher viscosities of the DSO biodiesels induced a
relapse in the droplet atomization, fuel evaporation, and homogeneous distribution within the cylinder,
reducing the combustion efficiency. That is, at higher speeds, the adverse effect of the high viscosity of
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DSO biodiesel superseded a significant portion of the positive effect gained from the inherent oxygen
contained by the biodiesel. As a result of this rebound, the CO emissions of the DSO biodiesel blends
approached that of fossil-based diesel at higher speeds.

3.3. NOx Emissions

The nitrogen oxide (NOx) emissions pattern produced by DSO biodiesel blends and fossil-based
diesel are shown in Figure 6. As in the CO2 and CO cases, the tests were conducted at different engine
speeds and loads. Nitric monoxide (NO) and nitric dioxide (NO2) are collectively referred to as NOx,
with NO representing the preponderant oxide (in diesel engine emissions, the proportion of NO2

within NOx is 10–30%) [54]. As very small concentrations of NOx are emitted from a diesel engine
relative to the aggregate exhaust emissions, the concentration of NOx is expressed as parts per million
(ppm). On-board ICEs contribute more than 50% of the NOx that is emitted globally [55].

To better understand NOx emissions trends with speed, load, and DSO biodiesel fraction, this study
first discusses the formation of NOx in a diesel engine. The air (composed of 21% O2 as oxidant and
79% N2 as diluent) is trapped inside the cylinder during the intake process and undergoes compression
thereafter. The fuel is injected into this compressed and heated air at a few crank degrees before the top
dead center (just prior to the onset of combustion), and the subsequent combustion reaction releases
heat. If the temperature inside the cylinder does not exceed 1600 ◦C, the atmospheric (molecular) N2

remains inert and is driven from the cylinder to the exhaust. Otherwise, the oxygen and nitrogen
undergo dissociation and subsequent NOx formation. In diesel engines, the gas temperature exceeds
1600 ◦C, making them the primary contributor to NOx pollution. Although increasing the temperature
within the cylinder increases the rate of NOx formation, the formation reaction of NOx is not itself
part of the combustion reaction. Instead, the combustion creates the appropriate conditions and
environment for NOx formation. Three chemical mechanisms contribute to NO formation: A thermal
(Zeldovich) process; the combustion of fuel N2; and a prompt (Fenimore) mechanism [56]. As diesel
and biodiesel fuels contain very small quantities of nitrogen of typically less than 2% by weight,
the contribution of the fuel-bound N2 is secondary, and the NOx is not formed by the combustion
of fuel. Prompt NO forms rapidly in the combustion flame reaction zone as a result of the reactions
between intermediate chemical species. In CI engines, however, the flame front is extremely thin as a
result the high pressure under which combustion occurs, and the residence time of the chemical species
in the flame front zone is very short. As a result, NO formation via the thermal mechanism in the hot
gases behind the flame front represents the predominant formation mechanism in such engines [57].
A typical stabilized combustion jet [46] of the type shown in Figure 5 is free from impingement or
interaction with the combustion chamber walls and has a volume of hot combusted gas that is much
greater than the instantaneous volume of the combustion flame front.
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To sum up the preceding discussion, NOx formation in CI engines is governed by three main
parameters: The temperature to which the burned gases can rise; the residence times of the chemical
species; and the availability of oxygen. From Figure 6, it is seen that for all the fuels and under all
loading conditions, the engine expelled lower amounts of NOx emissions when running at higher
speeds. Under low-speed operating conditions, the volumetric efficiency was boosted, which increased
the air intake and, consequently, the induction of O2 within the cylinder and the formation of NOx.
The engine speed had an impact on both the volumetric efficiency and the heat transfer from the
cylinder. The volumetric efficiency dropped at higher engine speeds, leading to a higher degree of
residual gas dilution in a manner similar to a miniaturization of the effect obtained from the dilution
obtained from exhaust gas recirculation. Increasing the engine speed produced two conditions with
contradictory effects on the heat transfer rate: A reduced cycle time, which diminished the heat transfer
rate; and higher turbulence, which enhanced the heat exchange process. However, the former effect
dominated, with the reduced heat transfer rate leading to higher burned gas temperatures at higher
speeds. The relatively long residence time of the NOx-forming reaction kinetics associated with lower
speeds is another factor affecting NOx formation. The net effect of these respective factors is the set of
NOx-formation trends shown in Figure 6, which are specific to the combusted fuel, engine specifications,
and operating conditions. Overall, at higher engine speeds, NOx formation is suppressed by a lack of
O2 and an inadequate residence time. These findings agree closely with extensively reported results
in the literature [58,59]. Following the acceleration of the engine from 1600 to 3600 rpm under full
loading, a reduction of 38% in NOx emissions was observed in both cases where the fossil-based
diesel and B20 were used as fuel. This reduction increased to 42% under a half-loaded condition,
suggesting that reducing the load made the engine more responsive in terms of NOx formation to the
speed variation. Under low loading and high-speed conditions, three restrainers (lower temperature,
lack of O2, and shorter residence time) act against NOx formation. At higher loads and under any
speed and fuel condition, the engine produced higher amounts of NOx emissions. Increasing the load
increased the amount of fuel burned within the combustion chamber, resulting in a higher temperature,
which is the primary contributor to NOx formation. This finding is also reflected in the literature [47].
Increasing the fraction of DSO biodiesel in the blend also promoted NOx formation at all loads and
speeds because biodiesel fuel has more inherent O2 in its chemical composition. When adequate
amounts of O2 were available within the combustion chamber, the fuel charge underwent complete
combustion, which in turn raised the temperature of the product gas. As noted above, a high amount
of available oxygen at a high temperature corresponds to a convenient environment for NOx formation
via the Zeldovich mechanism. Accordingly, increasing the fuel-bound oxygen increased the NOx
in the exhaust. The increased NOx emission can be also partially attributed to the compressibility
features of DSO biodiesel in terms of its bulk modulus, which quantifies how easily the volume of
a quantity of fuel can be varied by applying pressure (alternatively, the bulk modulus governs the
pressure increase resulting from a sudden decrease in fuel volume). Biodiesel has a smaller bulk
modulus of compressibility than fossil diesel. Therefore, at a given injection pump timing, the DSO
biodiesel exhibited a faster pressure increase and an earlier injection timing of approximately 1◦ of
crank rotation [60]. This advancing of the injection timing increased the NOx emissions. Several studies
have also attributed the increases in NOx emissions to the elevated levels of CN in biodiesel [61,62].
It is believed that higher CN levels shorten the ignition delay, thereby advancing the combustion
and increasing NOx emissions. However, the higher CN levels in the DSO biodiesels assessed in this
study also contributed to the shortening of the premixed combustion phase and therefore alleviated
the pressure and temperature variations within the cylinder, ultimately resulting in reductions in the
NOx emissions. Several previous studies experimentally demonstrated the predominance of this latter
effect [63,64]. The peak (worst) increments in NOx emission of 2.8, 3.3, 5.4, and 7.4% for blends B5, B10,
B15, and B20, respectively, were all seen at loadings below 50%. These findings agree with those of a
significant number of studies carried out on different biodiesel types and blends under various engine
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operating conditions [48,65,66]. Duda et al. [67] also reported similar findings and interpretations of
NOx trends with the engine load and speed.

3.4. HC Emissions

Figure 7 shows the HC emission concentration levels in the exhaust gas produced at different
engine speeds and loads with the respective DSO biodiesel blends. The concentrations shown in
the figure are expressed in terms of the total hydrocarbon content and given in ppm. Hydrocarbon
emissions (or organic emissions) in the exhaust of the CI reflect the hydrocarbons that escape the
combustion process unburned. The composition of HC in CI engine exhaust is quite complex for
two reasons: The diesel fuel itself comprises a combination of hydrocarbons with high molecular
weight; and the structure of some hydrocarbons alters during the combustion reaction and does
not complete the reaction, leading to the production of hydrocarbons that are not present in the
parent fuel. Accordingly, unburned hydrocarbons comprise nearly 400 major and minor species.
A normal combustion process in a CI engine involves four stages: Ignition delay, rapid combustion,
mixing-controlled combustion, and late combustion. Fuel can escape this sequence unburned via
four routes: (1) The over-mixing of air and fuel that causes the AFR to exceed the lean flammability
limit; (2) under-mixing that makes the charge too rich to burn; (3) over-penetration of fuel spray that
causes fuel droplets to impinge on the cylinder walls; and (4) sudden quenching of the flame during
expansion or as a result of mixing with cold air. The most significant contributors to HC emissions from
CI engines are over-mixing (over-leaning) and under-mixing (over-riching). It is seen from Figure 7
that increasing the engine load reduced HC emissions up to a specific load limit (75% load), with the
trend reversing thereafter. This trend was also found by [42,67,68]. Increasing the engine load resulted
in a richer mixture (lower AFR) within the combustion chamber and, therefore, a shorter ignition
delay, corresponding to a reduced likelihood that the air-fuel mixture would be diluted by more air
prior to autoignition. This made it unlikely that local mixtures that were lean to the levels below
the flammability limit would develop. Ignition delay is strongly dependent on the air-fuel mixing
condition and tends to be minimum near the stoichiometric proportion. However, a further increase
in engine loading (to full loading) can prolong the delay period relative to the minimum condition.
This in turn provides adequate time for the fuel to become further mixed beyond the lean limit of
combustion, and therefore to avoid burning and the sustenance of a proper fast flame front. As a result,
some of the fuel escapes through the exhaust port without being ignited. Under this interpretation, it is
evident that ignition delay was the predominant factor governing the quantity of HC emissions in the
assessments. At 3000 rpm, HC emissions of fossil diesel and B20 were 16.3 and 11 ppm, respectively,
under the half-loading condition. These concentrations were reduced to 13.8 and 9.3 ppm, respectively,
under 75% loading but increased again to 16.4 and 11.9 ppm, respectively, under full loading. For all of
the fuels under all loading conditions, the concentration of HC emissions decreased as the engine speed
increased. At higher speeds, the ignition delay was shortened, blocking the fuel from reaching the lean
flammability limit, while the volumetric efficiency declined as a result of a lack of time available for
the intake process. As a result, a rich mixture was produced within the cylinder, leading to complete
combustion. At lower speeds, a sufficient amount of air was inducted within the cylinder, leading
to a protracted ignition delay. Both effects promoted slow and incomplete combustion reactions that
presented a favorable environment for unburned hydrocarbons, hydrocarbon fractionation products,
and incomplete oxidation compounds. Some of these products avoided the combustion process and
were ejected from the cylinder unburned. The fossil diesel and DSO biodiesel blends demonstrated
similar HC emission reductions of nearly 55% when the engine speed increased from 1600 to 3600 rpm
at full load. At 50% loads, these reductions increased to nearly 75%. The higher sensitivity of the
variation in HC emissions to changes in engine speed under lower loads is likely attributable to the
higher concentrations of HC emissions produced at lower loads, which led to a greater amount of
change in emissions with engine speed.
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Blending the neat fossil diesel with fractions from DSO biodiesel appears to also have had
a significant impact on the HC emissions. As shown in Figure 7, increasing the amount of DSO
biodiesel in the blend reduced HC emissions to a degree proportional to the DSO biodiesel fraction [47].
These substantial changes in emissions can be attributed to the variations in the ignition delay occurring
as a result of blending the fossil-based diesel with the DSO biodiesel. It is worth mentioning that,
in this context, the ignition delay was both a chemical and physical process. That is, it was driven by
both the heterogeneous and the complex physical mixing process in the CI engine and the chemical
kinetics of the fuel. All blends demonstrated considerable declines in HC emissions relative to neat
fossil diesel throughout the running process, possibly because the higher CN content of the DSO
biodiesels shortened the ignition delay and therefore decreased the fuel fraction that could be diluted
by the surrounding air prior to ignition. As a result, the pre-mixed combustion phase was minimized,
and less fuel had was dispersed within the cylinder prior to combustion. This reduction in ignition
delay also constrained the amount of fuel that could impinge on the cylinder walls, a potential source
of HC emissions. The best performance in terms of the maximum decrease in HC emissions relative
to the benchmark diesel were attained at the mid-range of engine speed, with peak reductions of
13.9, 27.2, 34, and 44.4% at loads of 75, 100, 100, and 100% for B5, B10, B15, and B20, respectively.
Further increases in the engine speed diminished these reductions and caused the HC emissions of the
DSO blends to converge with that of the neat diesel. At the mid-range of engine speeds, the oxygen
bound within the biodiesel fuels improved the combustion process, and the DSO biodiesel blends
could meet acceptable levels of fuel atomization and homogeneous charge distribution within the
combustion chamber. At higher engine speeds, however, extremely brief time intervals were available
for any combustion event, including fuel atomization, evaporation, and distribution within the cylinder.
The higher viscosities of the DSO biodiesel blends worsened the situation, leading to poor combustion
efficiency. Eventually, the elevated HC emission levels approached that of neat fossil diesel, with the
relative reductions for B5, B10, B15, and B20 reducing to 3.5, 14.2, 21.4, and 32%, respectively, at 50%
load and 3600 rpm.

4. Conclusions

Extensive research and development remain to be carried out on second-generation biodiesels
to investigate the extent to which they can overcome the barriers that have prevented the wide-scale
adoption of first-generation biodiesels. However, there remain serious technical and economic hurdles
that must be overcome before second-generation biodiesels can be deployed. Of the primary areas that
require further clarification, combustion in automotive engines and the resulting tailpipe emissions are
among the most prominent. To address these issues, this study investigated the tailpipe emissions
produced during the combustion of biodiesel blends derived from DSO and analyzed the mechanisms
of their formation during the combustion reaction in terms of the relation between biodiesel properties
and the emission components. To that end, DSO was extracted and converted to biodiesel by applying
the parameters and conditions reported in the literature, and its specifications were subsequently
adjusted to conform with various standards. As a result, four DSO blends (B5, B10, B15, and B20) were
prepared and used for testing in a CI engine to evaluate the resulting tailpipe emissions (CO2, CO, NOx,
and HC) relative to a fossil diesel comparison baseline. The following conclusions can be reported:

1. The inclusion of DSO biodiesel in the blends reduced CO2 emission levels, with a greater degree
of enhancement occurring at lower engine loads and higher engine speeds. At full loading,
an average reduction of emissions from B20 of 9.6% was obtained.

2. The CO emissions were reduced significantly in the case of DSO biodiesel blends. At full loading,
the average CO emission reductions of 3.4, 9.7, 18.6, and 19.2% were obtained using B5, B10, B15,
and B20, respectively.

3. The presence of inherent O2 within the DSO biodiesels resulted in greater concentrations of NOx

emissions at all loads and speeds, with the peak (worst) increments of 2.8, 3.3, 5.4, and 7.4%
obtained for blends B5, B10, B15, and B20, respectively. All of these peaks occurred under 50%
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loading. At higher speeds, the increases diminished, and the emissions approached the levels
produced by fossil diesel.

4. There were remarkable decreases in HC emission levels that were observed for the DSO biodiesel.
The peak reductions of 13.9, 27.2, 34, and 44.4% were obtained at 75, 100, 100, and 100% loading
for B5, B10, B15, and B20, respectively.
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