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Abstract: The positive effect of decarbonizing the transport sector by using bio-based fuels is high.
Currently, biodiesel and ethanol are the two biofuels that are blended with fossil fuels. Another tech-
nology, namely, hydroprocessing, is also gaining momentum for producing biofuels. Hydrotreated
vegetable oil (HVO) produced using this process is a potential drop-in fuel due to its improved
physiochemical properties. This study aimed to reduce the fossil diesel content by blending 20%
and 30% HVO and 5%, 10% and 15% waste cooking oil biodiesel on a volume basis. The blends
were used to conduct a thorough performance examination of a single-cylinder compression ignition
engine. The thermal efficiency of the engine was enhanced by the addition of biodiesel to the blend.
The efficiency increased as the proportion of biodiesel in the mix increased, although it was still
less efficient than diesel. The maximum improvement in thermal efficiency of 4.35% was observed
with 20% blending of HVO and 15% blending of biodiesel compared with 20% blending of HVO
and diesel. However, the HC (decrease of 30%), CO (decrease of 23.5%) and smoke (decrease of
21.1%) emissions were observed to be the lowest with 30% blending of HVO and 15% blending of
biodiesel. A fuzzy-logic-based Taguchi method and Grey’s method were then applied to find the
best blend of HVO, biodiesel and diesel. The combination of the two methods made it easier to carry
out multi-objective optimization. The brake thermal efficiency (BTE), smoke and NO emissions were
selected as the output parameters to optimize the HVO and biodiesel blend. The optimization study
showed that 30% blending of HVO and 15% blending of biodiesel was the best blend, which was
authenticated using the confirmation experiment.

Keywords: used cooking oil biodiesel; hydrotreated oil; ternary blends; Taguchi method; fuzzy logic

1. Introduction

Pure air is important for the well-being of life on this planet. However, the incessant
use of fossil fuels, particularly by the road transport sector, has degraded the air quality over
the years. Although enormous improvements in the engine and exhaust after-treatment
systems have been made, they are still contributing to the emission of harmful gases. The
main toxic components of the engine exhaust gas are unburned hydrocarbons (HCs), carbon
monoxide (CO), nitrogen oxides (NOxs), sulphur oxide and particulate matter. Prolonged
exposure to toxic fumes can have an ill effect on human health, such as cardiovascular and
respiratory ailments, cancer or nervous system breakdown [1]. It is therefore imperative
to look for alternatives, not only from a human health point of view but also from the
fact that fossil resources are depleting and the costs incurred are rapidly increasing. One
such alternative is biofuel, whose share in the global energy consumption by the transport
sector is a mere 4%. Fatty acid methyl ester (FAME), also known as biodiesel, which is
produced by the transesterification of vegetable oil using methanol as a catalyst, has a 32%
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share in the world biofuel market [2]. Another technology known as hydroprocessing can
also be utilized in producing diesel-like fuel from vegetable oil [3,4]. Similar to FAME,
this technology produces fuel using a variety of feedstocks without competing with food
production. Hence, the fuel can be classified as a second-generation fuel [5]. Both fuels
require natural gas to obtain the chemicals necessary for their processes, i.e., methanol is
required by FAME and hydrogen is required for hydroprocessing [6]. Moreover, well-to-
wheel analysis of carbon footprints shows that hydrotreated vegetable oil (HVO) is more
sustainable than diesel [7].

In the presence of a catalyst, the raw feedstock is hydrotreated, and to further im-
prove the quality, isomerization of the intermediates, carboxylic acid, monoglyceride and
diglyceride treatment is also carried out [8–10]. The individual stage processes define the
resulting products formed, which can be either normal paraffins or a mixture of iso- and
n-paraffinic hydrocarbons, which are free from sulphur and aromatics and have a low level
of toxicity [11]. The chemical structure of HVO provides good auto-ignition properties
and enables cleaner combustion [8]. Due to the higher cetane number of HVO, the start of
combustion is faster, especially at low and medium loads [12]. Other advantages of HVO
are better cold-start properties, shorter primary combustion, less white smoke and low
noise [13]. Due to low lubricity, it is suggested that the content of HVO while blending with
diesel should be limited to 50% [14]. Also, it was found that 30% blending of HVO in diesel
can meet the EN590 norms [15]. Studies showed significant reductions in particulate, NOx,
CO and HC emissions with the use of HVO in heavy-duty engines [3,16] or in tractors [17].
Similar results were also reported in non-mobile applications, such as underground mining
operations [18] and gensets [19].

When comparing diesel with HVO, it was found that HVO fuel droplets penetrate
more than diesel, resulting in the formation of a more combustible homogeneous mixture.
Furthermore, lower physical ignition delay and improved mixture dispersion result in
lower local temperatures [15,20]. Vo et al. [14] found no difference in the cone angle with
an up to 30% blend of HVO with diesel and mineral diesel. Moreover, the spray cone
angle was significantly wider with neat HVO compared with diesel. Cheng et al. [20] and
Bohl et al. [15] also made similar observations. Moreover, modelling showed no difference
in fuel penetration and distribution. The results were confirmed experimentally in an
optical engine. In contrast, Preuss et al. [21] used a high-pressure injection chamber to
investigate spray characteristics and found a longer liquid penetration length but smaller
vapor phase penetration for HVO compared with diesel. Engine testing on a large scale was
conducted by Neste Oil, Helsinki Region Transport, VTT Technical Research Centre and
Proventia Emission Control [22]. The tests conducted on nearly 300 EURO IV buses showed
a reduction in emissions with a 30% blend of HVO in diesel fuel. Moreover, the studies
did not find any reliability issues [23,24]. When using HVO in heavy-duty engines, the
unburned hydrocarbon emissions were reduced by 48%, carbon monoxide emissions were
reduced by 28%, NOx emissions were reduced by 10% and particulate matter emissions
were reduced by 28% [16]. Also, aromatics were not produced by HVO combustion. In
light-duty engines, however, the emissions were reduced with HVO but the results were
engine dependent [12]. Some studies found a reduction in NOx emissions with unchanged
particulate levels, whereas some studies suggest a trade-off. Sugiyama et al. [25] explained
that this trade-off was dependent upon the use of either single injection or split injection of
the fuel. The HVO ignited earlier with a single fuel injection with a lower heat release rate,
resulting in lower NOx emissions but higher particulate emissions. With the split-injection
strategy, the main combustion remained the same and HVO was ignited earlier. The lower
chemical propensity of HVO was the governing mechanism for lower particulate creation
during split injection. Wu et al. [26] also found that the smoke emission was halved with
HVO compared with diesel for the entire engine operating map. However, Bortel et al. [13]
found that the particulate number was unaffected by the HVO, but still, an 80% reduction
in HVO was found.
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The literature shows that there is scope for realizing the full potential of HVO prop-
erties by recalibrating the engine. In this context, Ezzitouni et al. [27] tuned the pilot fuel
injection and found improvement in thermal efficiency by delaying the pilot fuel injection,
especially under cold-start conditions. Mikulski et al. [28] also found an improvement in
combustion efficiency with the same strategy. However, the particulate emissions were
found to increase due to less premixed combustion caused by advancing the injection. The
HVO recalibration potential was investigated by Aatola et al. by varying the main injection
timing and fixed pilot injection [3]. The NOx–PM trade-off was found to be variable at
different speeds and loads. Moreover, the particulate emissions were 30–40% lower with
HVO than diesel for a given NOx level, thereby providing additional control flexibility.
Double pilot injection was used by Liu et al. [29] for a 60% HVO blend. The authors found
that only the combustion of the first pilot was advanced, whereas other injected fuel burnt
with similar rates and timings as diesel, HVO and FAME. The timings of the pilot and
major injections were changed by Dimitriadis et al. [30], who discovered complex trends in
efficiency and emissions as a result of the superposition of the aforementioned effects. Since
HVO’s high cetane number and chemical structure make it less likely to produce particle
emissions, exhaust gas recirculation is another method that researchers have studied and
offers better trade-offs than HVO [31]. Lehto et al. [32] and Liu et al. [29] confirmed this in
their studies. Liu et al. [29], by applying a Miller cycle and an advanced start of ignition,
showed a reduction in PM and NOx simultaneously.

The literature shows that there are inherent advantages to using HVO in a diesel
engine, mainly due to its properties, such as low viscosity shortening the evaporation time
and improving the homogenization process. However, a high cetane number, along with its
paraffinic structure, shortens the ignition delay but lengthens the soot oxidation time [33].
Hence, additives can also be potentially explored for improving the combustion process.
Dobrzynska et al. [34] doped cerium dioxide and ferrocene nanoparticles into a blend of
diesel (B7: blends of diesel and 7% FAME) and HVO. An 11-year-old passenger vehicle
was tested on an NEDC cycle. The authors found a reduction in particulate emissions
and a slight increase in NOx emission with cerium dioxide doping. In contrast, ferrocene
doping resulted in a reduction in NOx emissions, along with a particulate matter reduction.
Apart from the abovementioned study, no other work (as per the authors’ knowledge)
is available in the literature that explored the potential of additives/blends of biofuel in
the blends of diesel and HVO. The authors noted in their earlier work [19,35] that using
30% hydrotreated oil produced lower emissions, although the thermal efficiency was poor.
Moreover, although the emissions were greater with the 20% blend of hydrotreated oil than
with the 30% blend, the efficiency with the 20% blend was higher. In the current work, the
addition of biodiesel was investigated as a potential remedy for the deficiencies of the two
samples. The novelty of this study lies in the fact that experimental work was carried out
by mixing waste cooking oil biodiesel in a blend of diesel and hydrotreated oil. The aim of
this study was to determine a relationship between the addition of biofuels to diesel and a
change in engine exhaust emission levels from an agricultural diesel engine. Such low-cost
diesel engines are abundantly available on farms and they have fixed injection timing and
pressure with no after-treatment system in place. To optimize the engine performance in
a full-load condition, a fuzzy-logic-based Taguchi method was also used to find the best
blend of HVO and biodiesel.

2. Materials and Methods
2.1. Properties of Test Fuels

The waste cooking oil used in the present study was obtained from the hostel mess of
Delhi Technological University. Impurities were first removed from the oil using a filtration
process. The oil was then heated to 100 ◦C so that any water content could be boiled off.
The oil was hydrotreated in hydrogen in a batch reactor at 330 ◦C and 4 MPa. The catalyst
used for the study was 2% ruthenium, cobalt and manganese supported on alumina. After
the reaction, the obtained bio-crude oil was distilled. The oil obtained in the range of
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180–370 ◦C boiling temperature was considered as the hydrotreated fuel. The detailed
procedure for obtaining the hydrotreated oil can be studied in the previous work [10].

The process utilized to produce biodiesel can be studied in detail elsewhere [36]. In a
batch reactor, one litre of the sample was heated at 60 ◦C and was stirred continuously at
300 rpm. The optimal methanol-to-oil ratio was found to be 5:1, while the NaOH content
required was 0.5% on a weight basis. Separately, both sodium hydroxide and methanol
were added and agitated until the NaOH was entirely dissolved in the methanol. The
feedstock was filtered to eliminate pollutants before being boiled to remove the moisture.
The utilized oil was then cooled to 60 ◦C before the NaOH/methanol combination was
added. The reactions were complete after 1 h, as the liquid had turned translucent. The
resultant mixture was left for 10 to 12 h to settle in a separator. After the settling phase,
two layers were visible: the upper layer was the methyl ester of the utilized oil, while the
lower layer contained glycerol. The biodiesel was washed with water to get rid of the
extra catalysts after the two layers had been separated. The residual water in the biodiesel
was subsequently removed by heating it above the boiling point of water. The amount of
biodiesel produced using this technique was over 90%.

The blends were prepared by adding the test fuels in the required proportions in a
vessel. To improve the homogeneity of the test sample, it was stirred with the help of a
magnetic stirrer for 2 h. The blend containing 80% diesel and 20% hydrotreated oil was
designated as H20D80, whereas the blend containing 70% diesel and 30% hydrotreated
oil was designated as H30D70. The blend containing 75% diesel, 20% hydrotreated oil
and 5% biodiesel was designated as H20B5, while the blend containing 65% diesel, 30%
hydrotreated oil and 5% biodiesel was designated as H30B5. Similarly, other blends
were designated as H20B10, H20B15, H30B10 and H30B15. The properties of the fuels
were obtained using ASTM standards. Table 1 tabulates the properties of the blends of
hydrotreated fuel, biodiesel and diesel.

Table 1. Properties of diesel and blends of biodiesel, diesel and hydrotreated waste cooking oil.

Properties Standard Diesel H20D80 H30D70 H20B5 H20B10 H20B15 H30B5 H30B10 H30B15

Density @ 15 ◦C (kg/m3) ASTM D1298 [37] 835.07 829.68 829.1 833.02 834.46 835.89 831.29 832.72 834.15
Kinematic viscosity @ 40 ◦C (cST) ASTM D445 [38] 2.51 2.59 2.62 3.29 3.44 3.62 3.32 3.47 3.64

Calorific value (MJ/kg) ASTM D240 [39] 42.57 42.29 42.08 42.35 42.28 42.22 42.27 42.21 42.14
Flash point (◦C) ASTM D93 [40] 58 60.2 61.1 70 77 83 73 78 84

Cetane index ASTM D4737 [41] 48.78 49.93 51.0 50.28 51.6 52.77 52.1 53.15 54.17

2.2. Experimental Setup

In this study, a direct-injection, single-cylinder compression ignition engine was used
to characterize the combustion, performance and emission parameters. The specification of
the engine used in the study is tabulated in Table 2. The engine operated at a constant speed
of 1500 rpm and had a rated power of 3.5 kW. The engine was coupled to a water-cooled
eddy current dynamometer through a shaft. A dynamometer was used for applying load
on the engine. The test setup was equipped with sensors and a data acquisition system.
The sensors used in the setup were an in-cylinder pressure sensor, crank angle sensor, load
sensor, fuel flow sensor and temperature sensor. An air-cooled piezoelectric-type pressure
sensor (PCB USA make) with a 350 bar capacity was placed in the cylinder head to measure
the in-cylinder pressure. A crank angle sensor (Kubler make) placed on the other end of
the eddy current dynamometer was used to measure the crank angle. To measure the load
on the engine, the load sensor (S-shaped strain gauge type) was placed on the eddy current
dynamometer. The test fuel was poured into the fuel tank, which was connected to the test
engine by fuel lines. The fuel line also consisted of a burette and a sensor for measuring
the flow rate of fuel. A differential pressure transmitter-type sensor made by Yokogawa,
Japan, was used to measure the fuel flow rate. The sensor was attached to the fuel burette’s
end, and it generated an output voltage according to the weight of the fuel in the column.
The difference in transmitter output at particular time intervals was used to determine the
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fuel flow rate, which was then multiplied by a fuel factor. The exhaust gas temperature
was measured using a K-type thermocouple placed close to the exhaust port. The exhaust
gas emitted by the engine was analyzed using an AVL di-gas analyzer, which recorded
the concentrations of CO, HC and NO emissions. The AVL smoke analyzer was used to
measure the smoke opacity. Figure 1 shows the schematic of the test setup.

Table 2. Test engine specification.

Specification Value

Rated power 3.5 kW
Rated speed 1500 rpm

No. of cylinders 1
Stroke 4

Displacement 661 cc
Stroke length 110 mm
Bore diameter 87.5 mm

Cooling system Water cooled
Injector Solenoid, six-holed

Compression ratio 12–18
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A National Instruments-based digital acquisition system acquired the analog data
from all the sensors and converted it to a machine-readable form. The acquisition system
transferred all the data in real time to the ‘Engine Soft’ software installed on a personal
computer. Using the data from the pressure sensor and crank angle sensor, the pressure
versus crank angle trend was plotted. The in-cylinder pressure was calculated by averaging
50 consecutive cycles. The peak pressure was considered when the in-cylinder pressure
was highest. Using the in-cylinder pressure, the apparent heat release was calculated using
the first law of thermodynamics. The mixture inside the combustion chamber was assumed
to be a homogeneous ideal gas. Also, the system was assumed to be a closed system and
the following mass flows were neglected: crevices, blow-by and fuel injection [42,43]. The
ignition delay was measured from the point where the injection started to the point where
the heat release started. The combustion duration was considered starting from 5% to 90%
of the heat release. CA50 signified the crank angle at which 50% of the heat was released.
The engine tests were carried out at different loading conditions at the rated speed of
1500 rpm. The readings were recorded at 20%, 40%, 60% and 80% of the full load and in the
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full load condition. The engine was started with the test fuel sample, and before recording
any data, the engine was allowed to stabilize for at least ten minutes. After recording all
the experimental data, the engine was allowed to stabilize in the no-load condition and
subsequently, it was switched off. After every experiment, the test sample was purged
from the fuel lines by adding diesel to the fuel tank. The engine was operated in a no-load
condition with diesel as the fuel. Then, the diesel was purged and the next test sample was
used for experimentation. The tests were carried out in triplicate and the readings were
averaged. The test fuels used in the study are discussed in the previous section.

3. Results and Discussion
3.1. Combustion Characteristics

Figure 2 compares the heat release rate of the ternary biodiesel blends with H20D80,
H30D70 and diesel. The heat release for H20D80 and H30D70 was lower than for diesel,
and the peak heat release occurred sooner. Due to the smaller ignition delay, the combustion
started earlier, which resulted in a small amount of fuel being ready for combustion, and
as the heat content of the blends was lower, the heat release was low. The addition of
biodiesel led to an increase in the heat release rate, but it was still lower than that of
diesel. Among the blends, H30B15 resulted in the highest heat release. With the addition of
biodiesel, a shift in the curve towards the top dead centre was observed. An increase in the
biodiesel proportion resulted in a higher shift towards the TDC. Due to the higher viscosity
of biodiesel, the mixture preparation time increased, thereby increasing the time for the
start of the combustion, which also allowed more fuel to be ready for combustion. Hence,
more heat was generated with the biodiesel mix than with the hydrotreated oil mixes. With
wheat germ oil and pine oil, Thiyagarajan and co-workers also reported higher ignition
delay, which resulted in an increase in the heat release rate [44]. It may be claimed that the
fuel sample’s calorific value reduced when the biodiesel replaced diesel, and hence, the
amount of heat emitted reduced. The trends, however, show a different picture since the
ignition delay had a more significant impact on providing adequate time for a significant
amount of injected fuel to burn.
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Figure 3 compares the in-cylinder pressure at full load for the test samples. It is
generally observed that low heat generated during the premixed combustion will result
in low cylinder pressure [45]. Figure 2 shows that all blend samples had minimal heat
emissions during the premixed phase, which lowered the peak pressure relative to diesel.
Since the cetane index of the samples was high, the ignition delay was lowered. As a result,
the combustion began sooner. Less fuel was prepared for combustion; therefore, less fuel
was consumed, which reduced the quantity of heat released and, as a result, the peak
pressure. [46]. When compared with mixes that did not contain biodiesel, the introduction
of biodiesel increased the cylinder pressure. Furthermore, the cylinder pressure was seen
to move away from the TDC due to the longer ignition delay [47].
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Figure 4 depicts the variance in peak pressure at different loads for the test fuel
samples. The peak pressure with diesel was higher than for the blends. Because the heat
emitted (Figure 2) by the mix was low, the peak pressure for H30D70 was lower than for
H20D80. Biodiesel inclusion raised the peak pressure, and as the biodiesel percentage grew,
so did the peak pressure. The peak pressure at full load for diesel was 75.8 bar, while for
H30B15, it was 73.6 bar. Because biodiesel has a higher viscosity, it takes longer for the fuel
to atomize when it is sprayed, which prolongs the time it takes for it to ignite and causes
more heat to be released and a higher pressure [48]. Additionally, the biodiesel mixed with
30% hydrotreated oil had a lower peak pressure than the blend with 20% hydrotreated oil.
The ignition delay of the sample increased when biodiesel replaced diesel in both mixtures,
especially in the H20 combination, causing the fuel to burn later and hence release more
heat, increasing the cylinder pressure.

Figure 5 depicts the variance in the ignition delay for the various test fuels with
increasing load. As the engine load grew, the ignition started earlier. The hydrotreated oil
blends ignited earlier than diesel due to a higher cetane index. While the start of ignition
was delayed due to biodiesel addition at all loads. Agarwal and Dhar also found a late
start of combustion when using Karanja oil in a similar engine [49]. It is possible that the
introduction of high-cetane-index biodiesel raises the sample’s cetane index and may lower
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the delay in ignition. The results shown in Figure 5 reveal the opposite trend. This was
because the higher viscosity of the biodiesel affects atomization and slows the process of
fuel–air mixing. Furthermore, because the impact of hydrotreated oil with a high cetane
index dominated, the ignition delay with biodiesel samples was smaller than with diesel.
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Figure 6 depicts the combustion time with the test samples at 20%, 40%, 60%, 80%
and 100% loads. The combustion duration of the biodiesel-containing mix was found
to be longer than that of the non-biodiesel-containing blends. Thiayagarajan et al. [50]
discovered that the biodiesel mixed test sample had a longer combustion duration. The
second combustion phase of the engine running on a biodiesel blend produced heat at a
slower rate than an engine running on a non-biodiesel blend, as illustrated in Figure 2. This
resulted in a longer combustion period in terms of the crank angle. The increased viscosity
of biodiesel molecules, which alters their atomization and decreases their capacity to find
oxygen and burn, is most likely to blame for the delayed heat release.
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Figure 7 depicts the crank angle at which fifty percent of the heat was emitted for all
of the test fuels at varying loads. CA50 grew and advanced towards the top dead centre
as the load on the engine increased. At the maximum load, however, the CA50 crossed
the TDC with the hydrotreated oil and diesel blends containing 10% and 15% biodiesel.
The CA50 with 10% and 15% bio-diesel mixed fuel samples was likewise greater than for
diesel, H20D80 and H30D70, as shown in Figure 7. Because of the increased viscosity and
density of biodiesel, which was added, the rate of heat escape decreased, raising the CA50.
Additionally, the biodiesel blends’ combustion duration (Figure 6) was shorter than that
of diesel but longer than that of H20D80 and H30D70 because hydrotreated oil enhanced
the combustion and, as was already mentioned, the diffusion phase’s rapid release of heat
caused the combustion to end sooner.

3.2. Performance Characteristics

Figure 8 displays the braking thermal efficiency of the engine running on test fuel
samples under various loads. The findings demonstrate that the addition of biodiesel to
blends increased the brake thermal efficiency at all loads and that the efficiency continued
to rise as the proportion of biodiesel rose. Diesel, H20D80, H30D70, H20B5, H30B5,
H20B10, H30B10, H20B15 and H30B15 had efficiency ratings of 31.18%, 29.67%, 28.94%,
29.9%, 29.75%, 30.5%, 30.1%, 30.96% and 30.41%, respectively, at full load. The oxygen
concentration of the blend increased with the addition of biodiesel, causing a larger heat
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release in the premixed phase than in blends without biodiesel. As a result, the combustion
process approached constant volume combustion, which raised the combustion pressure
and temperature and slightly shifted the heat release towards the TDC, boosting the thermal
efficiency [51].
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Figure 9 displays the brake-specific energy usages for diesel, H20D80, H30D70, H20B5,
H30B5, H20B10, H30B10, H20B15 and H30B15 at various loads. The inclusion of biodiesel
in varied quantities to the blends reduced the energy consumption, although it remained
higher than diesel. In their investigation, Chelladurai and Geo [52] noted that the engine
operating using methyl ester required more energy than diesel. Additionally, the energy
usage fell as the proportion of biodiesel in the mixture rose. At full load, the BSECs for
diesel, H20D80, H30D70, H20B5, H30B5, H20B10, H30B10 and H30B15 were 11.54, 12.13,
12.43, 12, 12.1, 11.8, 11.96, 11.62 and 11.84 MJ/kWh, respectively. Because the combustion
efficiency of the engine improved with the addition of biodiesel, less fuel was needed to
generate the same amount of power. The combustion efficiency improved more as the
percentage of biodiesel increased, which led to less energy being used during combustion.
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Figure 10 depicts the fluctuation in exhaust gas temperature with load for the test fuels.
An engine operating with all mixes produced greater exhaust gas temperatures than diesel.
EGT with H30D70 was greater than EGT with H20D80. Blending biodiesel produced a
greater EGT than H20D80 and H30D70, and as the proportion of biodiesel increased, so
did the EGT. At full load, the EGTs for H20D80, H30D70, H20B5, H30B5, H20B10, H20B10,
H20B15 and H30B15 were 416, 426, 431, 431, 434, 436, 441, 440 and 448 ◦C, respectively. The
EGT increased as the heat emitted during the diffusion combustion phase increased with
the mixes. The heat release in the second stage of combustion began later with biodiesel in
the blends than with hydrotreated blends. As a result, the heat was released later in the
expansion stroke, doing less useful work and leaving the engine as waste heat.

3.3. Emission Characteristics

Figure 11 depicts the variance in the unburned hydrocarbon emissions with load for
the test fuels. The patterns with all fuel samples were the same as with diesel, i.e., as the
engine load increased, HC emissions decreased. With diesel, H20D80, H30D70, H20B5,
H30B5, H20B10, H30B10, H20B15 and H30B15, the HC emissions were 2.5, 2.24, 2.13, 2.07,
1.99, 1.95, 1.82, 1.86 and 1.73 g/kWh, respectively. In comparison with H20D80 and H30D70,
the inclusion of biodiesel resulted in lower HC emissions. The emissions lowered as the
proportion of biodiesel in the mix increased. Due to the high heat created when biodiesel
was added, there was a greater chance that combustion was almost complete, which tended
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to reduce the emissions of unburned hydrocarbons. Another factor was the reduction in
energy usage brought on by the biodiesel mix fuels’ increased thermal efficiency. Reducing
the amount of gasoline injected at a certain load lowered the emission of hydrocarbons.
Also, an increase in ignition delay (Figure 7) allowed for a longer time for the fuel to mix
with air, resulting in enhanced atomization, thereby improving the combustion [53,54].
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Figure 12 depicts how the biodiesel blend affected the CO emissions at various loads.
With diesel, H20D80, H30D70, H20B5, H30B5, H20B10, H30B10, H20B15 and H30B15,
the CO emissions at full load were 31.42, 28.4, 27.07, 27.14, 26.73, 25.96, 24.97, 24.09 and
24.02 g/kWh, respectively. The test fuels’ CO emissions were found to decrease as well,
with H30B15 having the lowest emission levels. Because there was less fuel put into the
engine when using biodiesel mixes, there was less carbon in the cylinder during combustion,
which lowered the CO emissions. The quantity of oxygen in the mix rose as more biodiesel
replaced diesel in the sample, further aiding in the decrease in carbon monoxide. Another
reason could be the complete combustion of the air–fuel mixture, resulting in increased
CO2 emission [54]. Additionally, the hydrotreated oil’s greater paraffinic content improved
the fuel combustion, significantly lowering the carbon monoxide emissions.

Figure 13 displays the variance in NO emission for the fuel samples at various loads.
With diesel, H20D80, H30D70, H20B5, H30B5, H20B10, H30B10 and H20B15, the NO
emissions were 4, 3.63, 3.52, 3.82, 3.61, 3.88, 3.66, 3.98 and 3.72 g/kWh, respectively. It
is shown that diesel and hydrotreated oil mixes produced less NO emissions. The NO
emission rose when more biodiesel was added to these mixes, and it also rose as the
amount of biodiesel rose. Additionally, compared with 30% of the hydrotreated oil blend,
the NO emission was greater when biodiesel was blended in at 20% of the hydrotreated
oil. In comparison with gasoline samples without the addition of biodiesel, the heat
generated during the initial phase of combustion was higher with the addition of biodiesel.
The combustion temperature rose as a result of the increased heat release, increasing the
thermal NO emission. Additionally, because H20D80 released more heat than H30D70,
adding biodiesel to 20% of a hydrotreated oil sample caused the heat release to increase
even more, which tended to create more NO than adding biodiesel to 30% of a hydrotreated
oil sample. Additionally, adding biodiesel raised the oxygen concentration of the charge,
which increased the likelihood that nitrogen was converted into nitrogen oxides. As the
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biodiesel percentage rose, the oxygen content rose as well, increasing the emissions. Lin
and Lin [55] and Kannan and Anand [56] also observed similar results. They argued that a
longer combustion duration results in higher NOx emissions, which is consistent with the
result of this study.
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Figure 14 depicts how the biodiesel mix samples affected the smoke emissions. When
H20D80 and H30D70 engines were running, the smoke opacity was less than diesel. As
was previously said, less particulate matter is released into the engine exhaust as a result of
the hydrotreated oil’s short carbon atom chain and low aromatic concentration. Biodiesel
addition caused the opacity to become even less opaque. Using diesel, H20D80, H30D70,
H20B5, H30B5, H20B10, H30B10, H20B15 and H30B15 as fuel, the smoke opacities were
62.4, 55.9, 54.1, 54, 52, 52.8, 50.8, 51 and 49.2%, respectively. When the heavy fuel molecules
were thermally broken in the absence of oxygen, soot particles were created. The oxygen
concentration and ignition delay both rose with the use of biodiesel [57]. By giving the fuel
and air more time to mix, more heat was released during the premixed combustion phase,
which improved the air usage and, in turn, lowered the production of smoke.
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4. Performance Optimization

To improve the performance of a process, it is necessary to optimize the factors that
affect the process. However, to optimize each parameter, several experiments need to be
carried out. The Taguchi method is one such technique wherein by using fewer experiments,
a process can be optimized, thus saving time and experimentation costs. Genichi Taguchi
was a Japanese engineer who devised this technique. The thinking behind the technique’s
development was to improve product quality, as poor quality leads to societal loss. Many
experimental studies have been carried out using this technique. To improve the engine
torque and power and reduce fuel consumption, Ozel and coworkers used the Taguchi
method to find the best engine speed and type of coating [58]. For the optimization, an
L16 orthogonal array was used. The signal-to-noise (S/N) ratio was the highest with an
AL2O3 + 15%TiO2 coating and a 2600 rpm engine speed for torque and fuel consumption.
Moreover, for engine power, the highest S/N ratio was found with an AL2O3 + 15%TiO2
coating and a 3200 rpm engine speed. It was seen that both the engine speed and coating
material significantly affected the engine performance. Using the Taguchi method, the
hydrogen energy share, biodiesel blend and exhaust gas recirculation rate were optimized
to improve the performance of a dual-fuel diesel engine [59]. The output parameters
considered for optimization were fuel consumption, thermal efficiency, and smoke and
NOx emissions. All the parameters in that study were optimized one at a time, making
this process tedious and time consuming. Orthogonal arrays are used in this method and a
generic signal-to-noise ratio was utilized to represent the factor variations. The parametric
S/N ratio can be characterized as the nominal-the-better (NTB), the smaller-the-better
(STB) and the larger-the-better (LTB) [60]. The S/N ratio for LTB and STB was calculated
using Equations (1) and (2), respectively. The factors or process parameters used in this
study were the percentage of HVO in the blend and the percentage of biodiesel in the
blend. The HVO ratio had two levels and the biodiesel blend had four levels. Table 3
tabulates their values. An L8 algorithm was selected for the Taguchi optimization process,
as shown in Table 4. The brake thermal efficiency and smoke and NO emissions were the
output parameters.

S
N

= −10log10

[
1
n∑n

i=1
1
y2

i

]
(1)

S
N

= −10log10

[
1
n∑n

i=1 y2
i

]
(2)

where yi is the value of the performance characteristic measured during the trial, n is the
number of tests in a trial and the S/N ratio has a unit of decibels (dB).

Table 3. Factors and their levels.

Factors Level 1 Level 2 Level 3 Level 4

HVO percentage (%) 20 30
Biodiesel percentage (%) 0 5 10 15

Table 4. L8 orthogonal array.

Experiment No. HVO Percentage (%) Biodiesel Percentage (%)

E1 0 20
E2 0 30
E3 5 20
E4 5 30
E5 10 20
E6 10 30
E7 15 20
E8 15 30
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The engine optimization was carried out only for the full load conditions. The S/N
ratios for the output parameters were calculated. For the thermal efficiency, the larger-the-
better S/N ratio characteristic was selected since a higher thermal efficiency will lead to
engine performance improvement and simultaneously reduce fuel consumption. However,
the lower-the-better S/N ratio characteristic was selected for both smoke and NO emissions
since emission reduction is necessary for engine performance improvement. The S/N ratio
for the eight experiments is shown in Table 5. The highest S/N ratio for thermal efficiency
was observed in experiment seven and the lowest S/N ratio for NO emission was also
observed in experiment seven. Meanwhile, the lowest S/N ratio for smoke emission was
observed in experiment one.

Table 5. S/N ratio for the output variables and the MPCI.

Experiment
No.

Biodiesel Percentage
(%) HVO Percentage (%) BTE

(%)
S/N

Ratio
NO

(g/kWh)
S/N

Ratio Smoke S/N
Ratio MPCI

E1 0 20 29.67 29.45 3.63 −11.20 55.9 −34.95 0.3653
E2 0 30 28.94 29.23 3.52 −10.93 54.1 −34.66 0.4215
E3 5 20 29.99 29.54 3.82 −11.64 54 −34.65 0.3716
E4 5 30 29.75 29.47 3.61 −11.15 52 −34.32 0.5839
E5 10 20 30.51 29.69 3.88 −11.78 52.8 −34.45 0.4747
E6 10 30 30.09 29.57 3.66 −11.27 50.8 −34.12 0.6535
E7 15 20 30.96 29.82 3.98 −12.00 51 −34.15 0.5732
E8 15 30 30.41 29.66 3.72 −11.41 49.2 −33.84 0.7465

There are several processes in engineering that require the optimization of multi-
ple performance characteristics. The optimization of the input parameters was carried
out based on an engineering judgment, which was later verified using experiments. For
example, each performance characteristic has a different category, engineering unit and
importance [61]. Hence, optimizing the process parameters may not be straightforward.
The previous study showed that multi-objective optimization using the Taguchi method
alone is not possible; hence, researchers have combined other theories with the Taguchi
method. Grey’s relational analysis was combined with the Taguchi method by Roy et al.
to optimize the load, injection pressure and compressed natural gas energy share [62].
The output parameters considered for optimization were the energy consumption and the
particulate and HC emissions. The air–fuel ratio, compression ratio, load, spark advance
and knocking tendency were optimized using Taguchi and Grey relational analyses [63].
The output parameters considered were the HC and CO emissions and fuel consumption.
For Grey’s relational analysis, a weight is allocated for each response. These weights are
assigned using assumptions, which may lead to uncertainty in the solution. Fuzzy logic
overcomes this problem and has been used in studies for the multi-objective optimization
of parameters. Bose et al. [64] used a fuzzy-logic-based Taguchi method to optimize the
injection duration of hydrogen in the intake manifold and load for a dual-fuel engine. They
used the volumetric efficiency, energy consumption and thermal efficiency as the response
variables. They found that optimizing the parameters using the combined method was
efficient, along with the desired improvement in parameters. Similarly, Kumar et al. [65]
optimized the injection timing and compression ratio for a diesel- and DEE-fueled compres-
sion ignition engine using the Taguchi method combined with fuzzy logic. The optimized
parameters were found to be 19:1 compression ratio and 21◦bTDC injection timing.

In a fuzzy control system, human logic is used in controlling a process, which is
represented in the form of fuzzy rules or relations. The control system comprises a fuzzifier,
a function of inputs, a rule base, an engine that infers the output using the rule base and a
defuzzifier. The inputs are first normalized using Equation (3) and sent to the fuzzifier.

Xnormalized = (Xi − Xmin)/(Xmax − Xmin) (3)

where i takes values 1, 2, 3, . . ., etc. Xi denotes the value at the ith position, Xmin is the
minimum value and Xmax is the maximum value of the input.
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The fuzzifier fuzzifies each input using its member function, which is triangular in
this study. The output member function is also triangular, which is named the multi-
performance characteristics index (MPCI) in this study. The membership functions contain
three levels, namely, large, medium and small, for fuzzifying the normalized S/N ratios.
Figure 15 displays the membership functions for the two performance characteristics.
Using fuzzy rules that are based on human reasoning, such as big, medium and tiny, the
relationships between the input and output variables were constructed. The links between
the input and output variables using fuzzy rules are shown in Table 6, where ‘VVS’ stands
for ‘very very small’, ‘VS’ stands for ‘very small’, ‘S’ stands for ‘small’, ‘M’ stands for
‘medium’, ‘L’ stands for ‘large’, ‘VL’ stands for ‘very large’ and ‘VVL’ stands for ‘very very
large’. These guidelines are used by the inference engine to produce a fuzzy value via fuzzy
reasoning. The MPCI membership function, shown in Figure 16, defuzzifies this value and
gives a single-value output. The output value was defuzzified using the centre of gravity
method. Table 5 shows the MPCI value for each experiment. The fuzzy control system
used in this study was developed using MATLAB.

Energies 2023, 16, x FOR PEER REVIEW 19 of 24 
 

 

Using the MPCI values for each experiment, the input parameters were optimized 
using the Taguchi method. For each level of biodiesel and HVO percentage, the mean of 
the MPCI was calculated and is shown in Table 7. The mean MPCI for a variable and its 
level was calculated by averaging the MPCI values of that level. For example, the mean 
MPCI of level 1 for HVO percentage was calculated by averaging the MPCI values of 
experiments 1, 3, 5 and 7. The effects of both parameters on the mean MPCI are plotted in 
Figure 17. The total mean MPCI was found to be 0.5238, which is plotted as a dashed line 
in Figure 17. The mean MPCI value with the greatest value was considered to be the best 
for each performance attribute. It was found that there was little variance in performance 
around the desired value. The optimal HVO percentage was therefore determined to be 
30%, and the optimal biodiesel percentage was found to be 15%. The performance 
attributes enhancement was then confirmed using a confirmation experiment. The MPCI 
and S/N ratio for the ideal values were also predicted using Equation (4). Table 8 displays 
the mean MPCI and S/N ratio values for the experiment, as well as the forecast made using 
Equation (4). It is seen that the experimental values were slightly higher than the predicted 
values and were within appropriate limits. This confirms the reliability of the prediction 
carried out using the Taguchi method combined with the fuzzy-based method. η =  η + ∑ (η − η )  (4)

where η is the estimated MPCI, ηm is the total mean of S/N ratio, ηi is the mean of the S/N 
ratio at the optimal level and q is the number of parameters that affect the output. 

 
Figure 15. Membership function of BTE, NO and smoke. 

Table 7. Mean MPCI table. 

Process Parameter 
MPCI 

Level 1 Level 2 Level 3 Level 4 Max-Min 
HVO percentage (%) 0.4462 0.6013   0.1551 

Biodiesel percentage (%) 0.3934 0.4778 0.5641 0.6599 0.2655 
 Mean value of MPCI: 0.5238  

  

Figure 15. Membership function of BTE, NO and smoke.

Using the MPCI values for each experiment, the input parameters were optimized
using the Taguchi method. For each level of biodiesel and HVO percentage, the mean of
the MPCI was calculated and is shown in Table 7. The mean MPCI for a variable and its
level was calculated by averaging the MPCI values of that level. For example, the mean
MPCI of level 1 for HVO percentage was calculated by averaging the MPCI values of
experiments 1, 3, 5 and 7. The effects of both parameters on the mean MPCI are plotted in
Figure 17. The total mean MPCI was found to be 0.5238, which is plotted as a dashed line
in Figure 17. The mean MPCI value with the greatest value was considered to be the best
for each performance attribute. It was found that there was little variance in performance
around the desired value. The optimal HVO percentage was therefore determined to be
30%, and the optimal biodiesel percentage was found to be 15%. The performance attributes
enhancement was then confirmed using a confirmation experiment. The MPCI and S/N
ratio for the ideal values were also predicted using Equation (4). Table 8 displays the
mean MPCI and S/N ratio values for the experiment, as well as the forecast made using
Equation (4). It is seen that the experimental values were slightly higher than the predicted
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values and were within appropriate limits. This confirms the reliability of the prediction
carried out using the Taguchi method combined with the fuzzy-based method.

Table 6. Fuzzy rule matrix.

BTE (%) NO (g/kWh) Smoke Output

S S S VVS
S S M VS
S S L S
S M S VS
S M M S
S M L M
S L S S
S L M M
S L L L
M S S VS
M S M S
M S L M
M M S S
M M M M
M M L L
M L S M
M L M L
M L L VL
L S S S
L S M M
L S L L
L M S M
L M M L
L M L VL
L L S L
L L M VL
L L L VVL
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η = ηm + ∑q
i=1(ηi − ηm) (4)

where η is the estimated MPCI, ηm is the total mean of S/N ratio, ηi is the mean of the S/N
ratio at the optimal level and q is the number of parameters that affect the output.

Table 7. Mean MPCI table.

Process Parameter
MPCI

Level 1 Level 2 Level 3 Level 4 Max-Min

HVO percentage (%) 0.4462 0.6013 0.1551
Biodiesel percentage (%) 0.3934 0.4778 0.5641 0.6599 0.2655

Mean value of MPCI: 0.5238
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Table 8. Results of confirmation experiment.

Optimal Process Parameters

Prediction Experiment

Setting level 30% (HVO), 15% (biodiesel) 30% (HVO), 15% (biodiesel)
S/N ratio −2.4067 −2.3578

Mean MPCI 0.7374 0.7914

5. Conclusions

In this investigation, engine tests were conducted utilizing ternary mixes of biodiesel
made from spent cooking oil, hydrotreated vegetable oil and diesel. Comparisons were
made between the combustion, performance and emission characteristics of basic diesel
and HVO-and-diesel mixes. Studying the effects of adding biodiesel to diesel blends
with 20% and 30% HVO was the primary goal of the experiment. The findings led to the
following deductions:
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• With the addition of biodiesel, the engine’s heat release rate increased, and this trend
was continued as the proportion of biodiesel rose. Additionally, a rise in the peak
in-cylinder pressure was observed.

• In comparison with blends without biodiesel, the ignition delay and combustion
duration were longer with the biodiesel mixes.

• It was discovered that the biodiesel blends had a greater thermal efficiency than
H20D80 and H30D70. The thermal efficiency increased with the amount of biodiesel
in the blend, although it was still less efficient than diesel. The thermal efficiency was
greatest with H20B15.

• Compared with hydrotreated oil blends without biodiesel, the energy consumption
was decreased with biodiesel, but it was still greater than diesel. H20B15 had the
lowest energy use when running at full capacity.

• With the blend’s biodiesel percentage rising, a drop in HC, CO and smoke emissions
was seen. With H30B15, the lowest emissions were noted. H30B15 reduced the HC,
CO and smoke emissions at full load by 30%, 23.5% and 21.1%, respectively.

• The amount of biodiesel in the mix was found to increase the NO emissions, although
they were still less than for diesel.

From the results, there is no clarity as to which blend can be considered the best.
Hence, fuzzy-logic-based Taguchi optimization was carried out using HVO and biodiesel
percentage as the input parameters and BTE, NO and smoke as the output parameters. The
best blend from the optimization was found to be H30B15. The confirmation experiment
showed that the regulated emission reduction was highest with the blend. However, there
was a slight compromise in the thermal efficiency of the engine.

The optimized fuel blend fulfiled the objective of the study, which was to prepare a
fuel blend that can be easily used in diesel engines. The use of the proposed blend resulted
in lower emissions without modifying the engine. It is difficult to modify those engines
that are already in use. Such engines also have no exhaust aftertreatment system; hence,
lower emissions due to the fuel itself are cost effective and environmentally friendly. As a
future study, modifications in the engine can be explored so that the fuel economy of the
engine can be improved, along with even further lowering of the emissions. The shelf-life
of the fuel is one aspect that can be studied. Another study can be carried out by doping the
blend with different nanoparticles and their effect on engine performance and emission can
be analyzed. Lastly, the long-term impact of the fuel blend on the engine parts, especially
the injection system and filtration system, can be explored.
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8. Šimáček, P.; Kubička, D.; Kubičková, I.; Homola, F.; Pospíšil, M.; Chudoba, J. Premium quality renewable diesel fuel by
hydroprocessing of sunflower oil. Fuel 2011, 90, 2473–2479. [CrossRef]

9. Huber, G.W.; O’Connor, P.; Corma, A. Processing biomass in conventional oil refineries: Production of high quality diesel by
hydrotreating vegetable oils in heavy vacuum oil mixtures. Appl. Catal A Gen. 2007, 329, 120–129. [CrossRef]

10. Kumar, N.; Sonthalia, A.; Koul, R. Optimization of the process parameters for hydrotreating used cooking oil by the taguchi
method and fuzzy logic. J. Energy Resour. Technol. Trans. ASME 2020, 142, 123006. [CrossRef]

11. Ratcliff, M.A.; Dane, A.J.; Williams, A.; Ireland, J.; Luecke, J.; McCormick, R.L.; Voorhees, K.J. Diesel Particle Filter and Fuel
Effects on Heavy-Duty Diesel Engine Emissions. Environ. Sci. Technol. 2010, 44, 8343–8349. [CrossRef]

12. Hartikka, T.; Kuronen, M.; Kiiski, U. Technical Performance of HVO (Hydrotreated Vegetable Oil) in Diesel Engines; SAE Technical
Paper 2012-01-1585; SAE International: Warrendale, PA, USA, 2012.

13. Bortel, I.; Vávra, J.; Takáts, M. Effect of HVO fuel mixtures on emissions and performance of a passenger car size diesel engine.
Renew. Energy 2019, 140, 680–691. [CrossRef]

14. Vo, C.; Charoenphonphanich, C.; Karin, P.; Susumu, S.; Hidenori, K. Effects of variable O2 concentrations and injection pressures
on the combustion and emissions characteristics of the petro-diesel and hydrotreated vegetable oil-based fuels under the simulated
diesel engine condition. J. Energy Inst. 2018, 91, 1071–1084. [CrossRef]

15. Bohl, T.; Smallbone, A.; Tian, G.; Roskilly, A.P. Particulate number and NOx trade-off comparisons between HVO and mineral
diesel in HD applications. Fuel 2018, 215, 90–101. [CrossRef]

16. Kuronen, M.; Mikkonen, S.; Aakko, P.; Murtonen, T. Hydrotreated Vegetable Oil as Fuel for Heavy Duty Diesel Engines; SAE Technical
Paper 2007-01-4031; SAE International: Warrendale, PA, USA, 2007.

17. Pirjola, L.; Rönkkö, T.; Saukko, E.; Parviainen, H.; Malinen, A.; Alanen, J.; Saveljeff, H. Exhaust emissions of non-road mobile
machine: Real-world and laboratory studies with diesel and HVO fuels. Fuel 2017, 202, 154–164. [CrossRef]

18. Bugarski, A.D.; Hummer, J.A.; Vanderslice, S. Effects of hydrotreated vegetable oil on emissions of aerosols and gases from
light-duty and medium-duty older technology engines. J. Occup. Environ. Hyg. 2016, 13, 293–302. [CrossRef]

19. Kumar, N.; Sonthalia, A.; Tomar, M.; Koul, R. An Experimental Investigation on spray, performance and emission of hydrotreated
waste cooking oil blends in an agricultural engine. Int. J. Engine Res. 2021, 22, 2305–2317. [CrossRef]

20. Cheng, Q.; Tuomo, H.; Kaario, O.T.; Martti, L. Spray dynamics of HVO and EN590 diesel fuels. Fuel 2019, 245, 198–211. [CrossRef]
21. Preuss, J.; Munch, K.; Andersson, M.; Denbratt, I. Comparison of Long-Chain Alcohol Blends, HVO and Diesel on Spray Characteristics,

Ignition and Soot Formation; SAE Technical Paper 2019-01-0018; SAE International: Warrendale, PA, USA, 2019.
22. Nylund, N.O.; Erkkilä, K.; Ahtiainen, M.; Murtonen, T.; Saikkonen, P.; Amberla, A.; Aatola, H. Optimized usage of NExBTL

renewable diesel fuel: OPTIBIO. 2011. Available online: https://publications.vtt.fi/pdf/tiedotteet/2011/T2604.pdf (accessed on
19 July 2023).

23. Erkkilä, K.; Nylund, N.O.; Hulkkonen, T.; Tilli, A.; Mikkonen, S.; Saikkonen, P.; Makinen, R.; Amberla, A. Emission performance of
paraffinic HVO diesel fuel in heavy duty vehicles; SAE Technical Paper 2011-01-1966; SAE International: Warrendale, PA, USA, 2011.

24. Mäkinen, R.; Nylund, N.; Erkkilä, K.; Saikkonen, P. Bus Fleet Operation on Renewable Paraffinic Diesel Fuel; SAE Technical Paper
2011-01-1965; SAE International: Warrendale, PA, USA, 2011.

25. Sugiyama, K.; Goto, I.; Kitano, K.; Mogi, K.; Honkanen, M. Effects of Hydrotreated Vegetable Oil (HVO) as Renewable Diesel Fuel
on Combustion and Exhaust Emissions in Diesel Engine. SAE Int. J. Fuels Lubr. 2011, 5, 205–217. [CrossRef]

26. Wu, Y.; Ferns, J.; Li, H.; Andrews, G. Investigation of combustion and emission performance of hydrogenated vegetable oil (HVO)
diesel. SAE Int. J. Fuels Lubr. 2017, 10, 895–903. [CrossRef]

27. Ezzitouni, S.; Soriano, J.A.; Gómez, A.; Armas, O. Impact of injection strategy and GTL fuels on combustion process and
performance under diesel engine start. Fuel 2017, 200, 529–544. [CrossRef]
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