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Investigating the Effect of a Diesel—Refined Crude Palm Oil Methyl
Ester—Hydrous Ethanol Blend on the Performance and Emissions of
an Unmodified Direct Injection Diesel Engine
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ABSTRACT: In this research, the optimum condition for the production of refined crude palm oil methyl ester from refined crude
palm oil was investigated using the response surface method via the transesterification reaction in a batch process. The refined crude
palm oil was obtained by vacuum distillation of crude palm oil to extract some of the free fatty acids from the oil, providing
nutritional benefits and reducing the chemical consumption of the production process. The purity of methyl ester in the refined
crude palm oil methyl ester was studied to adjust four independent variables: methanol content (11—23 vol %), concentration of
potassium hydroxide (4—12 g/L), stirrer speed (100—S00 rpm), and reaction time (9—4S min). The results showed that methyl
ester had a purity of 96.91 wt % when synthesized under optimal conditions of 18.2 vol % methanol, a potassium hydroxide
concentration of 10.0 g/L, a stirring speed of 380 rpm, and a reaction time of 36.4 min at 60 °C. Refined crude palm oil methyl ester
was blended with diesel and ethanol to study the feasibility of using the diesel—refined crude palm oil methyl ester—hydrous ethanol
blend in an unmodified diesel engine. A comparative study of fuel properties, emissions, and performance of the diesel—refined crude
palm oil methyl ester—ethanol blend was used to assess the feasibility of fuel blends (D40RMSOE10, D30RM60E10, D20RM70E10,
and D10RM8OE10) in diesel engines at various engine speeds and loads. The results showed that the D40RMSOE10 blend provided
the closest performance to diesel and was environmentally friendly, as it provided nitrogen oxide and carbon monoxide emissions 32
and 55% lower than those with diesel, respectively. The test results indicated that the diesel—refined crude palm oil methyl ester—
hydrous ethanol blend is an attractive alternative fuel in agricultural engines that reduces diesel consumption and benefits farmers
and rural communities.

1. INTRODUCTION from wastes and crops such as corn, sugarcane, cassava, and

6-8 . 11
Several countries have used petroleum fuels to reinvigorate and molasses.” " Blending ethanol with diesel has many advantages,

develop their economies in industries such as manufacturing,
power generation, agriculture, and transportation, resulting in
scarcity and higher prices of petroleum resources.' However, an
increase in the usage of petroleum fuels has increased the level of

owing to a high oxygen level and a high latent heat of
vaporization of ethanol, which improves complete combustion
in diesel engines. It also reduces the concentrations of NO,, CO,

air pollution.2 Therefore, environmental issues are unavoidable Received: November 24, 2022
as the global usage of petroleum fuels increases. Biofuels such as Accepted: February 23, 2023
diesohol and biodiesel have emerged as liquid fuels that can Published: March 3, 2023

reduce emissions from diesel engines.‘g’4 As an alternative fuel,
diesohol is produced by blending diesel with ethanol.” Ethanol is
commonly used as a component because it can be produced
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and particulate matter (PM) and lowers combustion temper-
atures.”'® Many studies have reported that a straight blending of
95 vol % hydrous ethanol in diesel engines is not advised.
Although hydrous ethanol (95 vol %) is less pure than
anhydrous ethanol (99.9 vol %), hydrous ethanol is cheaper.
When residual water in hydrous ethanol is removed using the
molecular sieve dehydration process, high energy consumption
and manufacturing costs are required.'"'> Some studies have
reported the addition of hydrous ethanol to a fuel blend, and
owing to the high concentration of oxygenates in these fuel
blends, they can be used in diesel engines to reduce
emissions.”>~ "> However, since ethanol is a polar molecule
and diesel contains nonpolar molecules, polar molecules
dissolve in polar solvents. Likewise, nonpolar molecules dissolve
in nonpolar solvents according to the solubility rule (like
dissolves like). As a result, adding a high concentration of
ethanol to diesel is difficult, particularly at low temperatures.'®
The blending of ethanol into diesel has limited solubility, which
results in poor fuel stability. To solve the problem of the stability
of the mixture, biodiesel is recommended as an emulsifier to
prevent the phase separation between diesel and ethanol. Since
biodiesel contains both lipophilic and hydrophilic parts, it is
suitable to be used as an emulsifier to prevent the phase
separation of fuel blends. Therefore, biodiesel is used as an
emulsifier to maintain the stability of diesel—biodiesel—ethanol
fuel blends. Biodiesel can also reduce NO,, CO, CO,,
hydrocarbon (HC), and PM emissions that impact the
environment,' '

As aforementioned, the addition of high-concentration
ethanol affects the solubility performance of diesel, resulting in
low blending phase stability.”'”**** However, by blending
diesohol with biodiesel, this issue may be resolved. Because
biodiesel is a fatty and hydrophilic fuel with a structure
comparable to that of diesel and ethanol, Subbaiah et al.'” used it
as an emulsifier in a phase separation solution of diesohol.
Khoobbakht et al.** reported that ethanol can be blended with
biodiesel in any ratio, but it cannot be blended with diesel. The
addition of ester as an additive enhances the solubility of
diesohol, resulting in increased fuel stability. Jin et al.*® reported
similar results and confirmed that the hydrophobicity of diesel
fuel is the primary cause of the instability of the ternary system,
which includes diesel—biodiesel—ethanol blends. The stabilities
of diesel and ethanol improve when the biodiesel content is
higher. Several research studies have reported that ethanol
concentrations of >15 wt % should not be blended with diesel to
avoid phase separation. The engine performance may be
negatively affected by the addition of ethanol due to changes
in fuel characteristics (heating value, viscosity, density, low
cetane number, ignition delay, and automatic ignition).2’24_26
Shrivastava et al.”* reported that adding ethanol decreases the
density, viscosity, and heating value of fuel blends. Additionally,
the cetane number of the mixture decreases with the addition of
ethanol because ethanol has a low cetane number between S and
8, resulting in poorer ignition. Srikanth et al.>* reported similar
results and concluded that an increase in ethanol concentration
over 15% leads to a decrease in cetane number, delaying ignition.
Pidol et al.” reported anomalous autoignition characteristics in
the blended fuels when 20% ethanol was added to the blended
fuels. Kumar et al.”® found that adding more than 20% ethanol to
fuel blends reduces thermal efficiency because of the low
temperature in the combustion chamber. Jamrozik et al.”” tested
diesel—biodiesel—ethanol blends at a constant engine speed at
70, 85, and 100% of the engine load to determine the effect of
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engine load on engine emission and performance. A small
amount of ethanol added to a blended fuel can decrease its
viscosity and density, which leads to improvements in fuel spray
and combustion. Klajn et al.** studied the performance and
emissions of the diesohol fuel blend in a generator diesel engine.
They found that the efficiency of the engine was acceptable at an
ethanol concentration of <10%, reducing NO, emissions.
Krishna et al.*’ reported similar results, explaining that the
cooling effect of ethanol reduces NO, emissions at low loads but
significantly increases NO, emissions at maximum loads owing
to higher temperatures in a cylinder. Additionally, the increased
oxygen content from the addition of biofuels contributes to the
complete fuel combustion in the engine, resulting in lower CO
emissions than those observed with diesel. Alternatively,
complete combustion promotes higher CO, emissions. Shamun
et al.”” reported that high oxygen concentrations in the fuel mix
result in up to 52% combustion efficiency at high loads.
Conversely, Kaulani et al.*" reported that HC and CO emissions
were higher than those with diesel at low loads owing to the high
oxygen content in the blends. Tan et al.’” increased the
concentrations of ethanol by 0, 5, 10, and 15 vol % in diesel—
biodiesel—ethanol blends tested in diesel engines. They
concluded that when the concentration of ethanol ranged
from 0 to 15 vol %, the brake thermal efficiency (BTE) and
brake-specific fuel consumption (BSFC) were 20—42% and
0.4—0.5 kg/kWh, respectively. Krishna et al,,”® Kaulani et al.,*’'
and de Oliveira et al.”® reported that increasing the
concentration of ethanol in the fuel decreased BTE and
increased BSFC for a maximum ethanol content of 15% when
compared to diesel. Freitas et al.’* found that adding 10%
ethanol to a diesel—biodiesel—ethanol blend reduced torque
and brake power (Py) by 6%. However, the thermal efficiency of
each fuel was not considerably different.

In Thailand, crude palm oil (CPO) was used as the potential
raw material in the production of commercial biodiesel. A major
problem of the biodiesel production process is the concentration
of free fatty acid (FFA) in CPO because a >1 wt % FFA
concentration in oil causes saponification, which converts lipids
into soaps through a base catalyst, leading to poorer biodiesel
yields.”>*® The production of biodiesel from high-FFA oil was
carried out via a two-stage process.37 In the first step, FFA in oil
was converted to an ester using the esterification reaction with
an acid catalyst. In the second step, the esterified oil was then
converted to triglycerides, which were then converted into ester
and glycerol via the transesterification reaction with a base
catalyst.

However, many studies have reported the nutritional and
cosmetic value of FFA.*® It is used as a raw material for
manufacturing various products in the animal feed, soap, and
oleochemical industries. FFAs are also a source of vitamin E,
phytosterols, and squalene, which are valuable substances for
dietary supplement and cosmetic industries.’”*" Before
producing biodiesel from CPO, valuable FFAs should be refined
from CPOs that contain a high concentration of FFAs by a
physical refining process. Herein, refined CPO (RCPO) from
vacuum distillation was studied to reduce FFA contents in CPO
using a physical refining process before it was used as feedstock
for biodiesel production. According to many researchers, the
main issue with using a direct blend of petroleum diesel and
vegetable oil in diesel engines is the high viscosity that results
from the composition of vegetable oil. RCPO is converted to
methyl ester (ME) by a two-stage process for mixing in the
diesel-hydrous ethanol blend. Furthermore, several studies
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Figure 1. Raw materials and products from esterification and transesterification processes: (a) CPO, (b) RCPO, (c) ERCPO, (d) crude RCPOM, and

(e) RCPOM.

Table 1. Properties of Raw Materials and Chemicals Used in Biodiesel Production of RCPO

for esterification

for transesterification

property cro* RCPO** methanol H,SO, ERCPO** methanol KOH
density@60 °C (kg/L) 0.885 0.884 0.753 1.798 0.882 0753
viscosity@60 °C (cSt) 22.52 0.3 17.66 035
boiling point (°C) 64.7 330 64.7 1327
purity (%) 99 98 99 95
ester (wt %) 2.278
TG (wt %) 86.170 93.526 96.289
DG (wt %) 2,845 0.304 0.405
MG (wt %) 0.300
FFA (wt %) 10.685 6.170 1.028

have suggested that ethanol should not be directly blended with
diesel. However, the price of anhydrous ethanol is higher than
that of hydrous ethanol. To improve the stability and properties
of hydrous ethanol blending in diesohol, biodiesel from RCPO
was used as an emulsifier to produce fuel blends. Thus, the goal
of this study is to fulfill a research gap in biodiesel production
from RCPO using a two-stage procedure. Four independent
factors, namely, methanol content (11—23 vol %), concen-
tration of KOH (4—12 g/L), stirrer speed (100—S00 rpm), and
reaction time (9—4S min), were varied to produce high-quality
MEs from esterified oils from RCPO using the response surface
method (RSM) in a continuous transesterification process with
a circulating hot water bath. Furthermore, the stability and
properties of fuel blends of diesel, RCPO biodiesel, and ethanol
were investigated and compared with those of diesel standards.
Finally, the performance (P, BSFC, and BTE) and emissions
(NO,, CO, CO,, 0,, and HC) of the fuel blend were compared
with those of diesel to assess the feasibility of using the fuel blend
at various engine speeds (1100—2300 rpm) and engine loads
(25, 50, and 75%) in diesel engines without modification.

2. MATERIALS AND METHODS

2.1. Materials. The phase stability of diesel—refined crude
palm oil ME (RCPOM)—hydrous ethanol was investigated
using diesel B10 (10% ME with 90% diesel) from a filling station,
and 95 vol % hydrous ethanol was purchased from a chemical
sales company in Bangkok, Thailand. CPO with a high-FFA
content was purchased from a palm oil mill. In the trans-
esterification process for producing RCPOM, CPO was used as
the initial feedstock for biodiesel production. The high FFA level
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in CPO was decreased to less than 1 wt % by an acid
esterification process, followed by a base transesterification
process. To remove some of the FFA in CPO and reduce
chemical consumption in the esterification process, a vacuum
refining technique was used. Additionally, the condenser used to
distill some of the FFA in CPO contained nutritional advantages
owing to its high content of essential FFA and carotene.*' ~*
The final product of the vacuum refining process is known as
RCPO, which is the product of a chemical-free CPO refining
process using vacuum refining. The residual FFAs in the RCPO
were then removed by the esterification reaction, a chemical
process that converts FFA to ester. The final product from the
esterification procedure is known as esterified refined crude
palm oil (ERCPO). Thawornprasert et al.** reported the
procedure for minimizing FFA content in ERCPO through
esterification. The esterification reaction is shown in eq 1. The
final step of the biodiesel production process, as shown in Figure
1, involves applying ERCPO as the raw material for the
transesterification reaction. The transesterification reaction is
shown in eq 2. The experiments used purely commercial-grade
chemicals, including 98% potassium hydroxide (KOH) and 99%
methanol. The properties of RCPO, ERCPO, and KOH are
shown in Table 1.

Acid catalyst

FFA + Alcohol «———— Ester + Water (1
Base catalyst
Triglycerides + Alcohol «——— Ester + Glycerol ~ (2)

2.2. Optimization of Biodiesel Production from
ERCPO. 2.2.1. Experimental Design. Optimal ME purity in
RCPOM during the second transesterification was determined

https://doi.org/10.1021/acsomega.2c07537
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using the RSM. The effect of ME purity on the transesterification
process was examined using a central composite design.
Experiments of the five levels of =2, —1, 0, +1, and +2 were
designed by varying the methanol content (11-23 vol %),
concentration of KOH (4—12 g/L), stirrer speed (100—500
rpm), and reaction time (9—45 min). The factors and code
levels are shown in Table 2, and the experimental design for 28

Table 2. Independent Variables and Code Levels of RSM
Experiments

coded variable level

independent variables  units =2 =Il 0 +1 +2
methanol (M) vol % 11 14 17 20 23
KOH (K) g/L 4 6 8 10 12
stirrer speed (S) rpm 100 200 300 400 500
reaction time (T) min 9 18 27 36 45

experiments is shown in Table 3. The purity of ME after
transesterification was modeled using a second-degree poly-
nomial and multiple regression, as shown in eq 3.

2 X

i=1 j=i+l

/):jxixj + e

k k
Y=8+ ) Bx+ ) Bl +
i=1 i=1 (3)

Table 3. Experimental Design and Purity of Methyl Ester
Resulting from the Second Stage of the Transesterification
Process”

experiments M (vol %) K(g/L) S (rpm) T (min) ME (wt %)
1 11 8 300 27 91.86
2 14 6 200 18 93.04
3 14 6 200 36 9391
4 14 6 400 18 94.65
S 14 6 400 36 94.90
6 14 10 200 18 96.22
7 14 10 200 36 97.18
8 14 10 400 18 97.44
9 14 10 400 36 98.09
10 17 4 300 27 94.02
11 17 8 100 27 97.12
12 17 8 300 9 96.51
13 17 8 300 27 98.81
14 17 8 300 27 98.49
15 17 8 300 27 98.78
16 17 8 300 27 98.53
17 17 8 300 45 99.04
18 17 8 500 27 98.26
19 17 12 300 27 99.21
20 20 6 200 18 96.54
21 20 6 200 36 97.24
22 20 6 400 18 96.87
23 20 6 400 36 98.51
24 20 10 200 18 98.39
25 20 10 200 36 98.58
26 20 10 400 18 98.54
27 20 10 400 36 98.55
28 23 8 300 27 97.64

“Notes: M, methanol; K, potassium hydroxide; S, stirrer speed; T,
reaction time; ME, purity of methyl ester.
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2.2.2. Experimental Procedure for Biodiesel Production
from ERCPO. For preparing biodiesel, a circulating hot water
bath was used to ensure the temperature of ERCPO was
constant at 60 °C during the batch process of the trans-
esterification reaction. ERCPO (400 mL) was poured into the
reaction flask, and a six-bladed disk turbine was used to stir the
mixture, and a mechanical agitator (IKA, model: RW 20 digital)
was used to adjust the speed of the stirrer. Methanol and KOH
were blended in a beaker using a magnetic stirrer to obtain a
CH;OK solution. Subsequently, the reaction was initiated by
slowly adding potassium methoxide solution to the flask using a
buret and counting the time immediately. Since the rapid
addition of potassium methoxide solution increases the
temperature of the reaction mixture, as it is an exothermic
reaction, the temperature of the mixture was carefully controlled
to ensure it did not exceed 64.7 °C (boiling point of methanol).
For collecting samples, the reaction in the sample was stopped
by rapidly cooling each sample in ice water. This was done to
prevent the ME reaction from proceeding either forward or
backward.”> Crude biodiesel was purified to remove the
remaining methanol and KOH after the transesterification
reaction. Samples were washed using warm water until the
hydrogen ion potential (pH) in the wastewater was 7. After the
purification process, biodiesel was tested for ME, triglyceride
(TG), FEA, diglyceride (DG), and monoglyceride (MG) using
thin-layer chromatography with a flame ionization detector
(TLC/FID, model: IATROSCAN MK-65; Mitsubishi Kagaku
Iatron Inc., Tokyo, Japan).

2.3. Blending of Diesel-RCPOM—Hydrous Ethanol.
The diesel—-RCPOM—ethanol blend was produced using the
following method: first, RCPOM was mixed with ethanol using a
stirrer at 300 rpm for 5 min at 35 °C. Second, diesel was then
poured into the mixture and stirred for S min to homogenize the
three blend components. After mixing, the diesel—-RCPOM-—
ethanol blend was kept in sealed bottles to prevent ethanol
evaporation. The phases of diesel, RCPOM, and ethanol blends
were physically observed for various diesel (10—80 vol %),
RCPOM (10—80 vol %), and ethanol (10—80 vol %)
concentrations, and the phases are shown in a ternary diagram
in the section on phase stability of diesel—RCPOM—hydrous
ethanol. Third, the phase behavior of all of the samples was
monitored for 90 days at 35 °C. Lastly, the density and viscosity
of the homogeneous fuel blend were studied according to diesel
fuel specifications before testing in diesel engines.

2.4. Fuel Property Testing. The elemental analysis of
organic substances in the fuel was conducted using a CHNS/O
analyzer (model: Flash 2000, ThermoScientific, Italy) to
determine the heating value of fuels. The pour and cloud points
were measured using a Herzog CPP 97-2 instrument according
to ASTM-D97*° and ASTM-D2500,*” respectively. The
analytical methods for studying the composition of ME and
linolenic acid ester in the fuel were based on EN-14103,*
whereas the compositions of TG, MG, DG, total glycerin, and
free glycerin in fuel were measured according to EN-14105."
Acid value levels of the esterified oils and biodiesel were
examined by titration according to ASTM-D664-09.>° The
residual methanol contents in products were measured using gas
chromatography (GC)-FID according to EN-14110.>" The flash
point was determined using the semiautomatic Pensky—
Martens apparatus (model: Walter Herzog GmbH, Germany)
in accordance with ASTM-D93-16a.>> The physical properties
of oils were determined according to ASTM-D1298-12b,* and a
hydrometer was used to measure the density, and viscosity was

https://doi.org/10.1021/acsomega.2c07537
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Figure 2. Diesel engine and dynamometer setup: (1) Kubota ZT100 DI, (2) emission analyzer, (3) air temperature sensor, (4) engine oil temperature
sensor, (5) strain gauge load cell, (6) water temperature sensor, (7) exhaust gas temperature sensor, (8) dynamometer, (9) rotary encoder, (10)
electric contact pressure gauge, (11) computer, (12) electronic digital scale, (13) fuel temperature sensor, (14) load controller, (15) instrument panel,

and (16) data logger.

Table 4. Technical Specifications of the Test Engine and Dynamometer

engine characteristics specification
ZT100 DI

4-stroke, cooling with water

model
type of engine
type of combustion D], direct injection

method of charging naturally aspirated

number of cylinders 1

cylinder arrangement horizontal
compression ratio 18:1
bore/stroke 88/90 mm
displacement volume 547 em®

max. power 7.35 kW, 2400 rpm

max. torque 33.34 Nm, 1600 rpm

max. speed 2400 rpm
injection timing 15—17° BTDC
injection pressure 220 kg/cm?

dynamometer characteristics specification
model DW16
type of dynamometer eddy current brake
max. power 16 kW
max. torque 70 Nm
max. speed 13 000 rpm
turning inertia 0.02 kg'm?
max. voltage 80V
max. current 35 A
cooling water pressure 0.02—0.05 MPa
flow of cooling water 6.5 L/min

measured using a Julabo MD-16G Visco Bath (Julabo
Labortechnik GmbH, Seelbach, Germany) according to
ASTM-D445-17a.°* The water content and sediment were
measured using a Coulometric Karl Fischer titrator (model:
DL39, Mettler—Toledo Instrument. Inc., Greifensee, Switzer-
land) according to EN-ISO 12937°° and ASTM-E203°°
methods, respectively. Copper strip corrosion was examined
using a Herzog HZ9011 according to ASTM-D130-04.>
Residual carbon in the fuel was analyzed by the ASTM-D4530
method.*® The iodine value in biodiesel was determined using
the Wijs technique and a GC-FID (model: GC 6850, Agilent
Technologies) in accordance with EN-14111.>° The sulfur,
phosphorus, and sulfated ash contents were determined
according to ASTM-D2622,°° EN-14107,°" and ASTM-
D874,% respectively.

2.5. Diesel Engine Testing. 2.5.1. Measurements for
Diesel Engine Testing. The experiments on performance and
emissions were performed using a single-cylinder, four-cycle
engine; a direct-injected, compression ignition engine; and a
water-cooled Kubota ZT100 DI diesel engine. Figure 2 shows
the diesel engine and dynamometer experimental setup. The
maximum compression ratio for the Kubota ZT100 DI diesel
engine was 18:1, the maximum torque was 33.34 Nm at 1600
rpm, and the maximum speed was 2400 rpm. The engine was
connected to the dynamometer (model: DW16, Jiangsu Lan
Ling Test Equipment Co., Ltd., China) to simulate engine load
for measuring the engine torque. The dynamometer had a
maximum power of 16 kW, a maximum torque of 70 Nm, and a
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maximum speed of 13 000 rpm. A cooling water system with a
centrifugal pump was used to cool the dynamometer. During the
operation of the dynamometer, the water pressure in the cooling
system was maintained between 0.0 and 0.4 MP, and the water
output temperature must not be higher than 35 °C for the
operation to be considered safe. The cooling of the
dynamometer is important to ensure that the device prematurely
deteriorates from the effects of shaft blocking, torque overload,
and the insulation of the coils, generating the magnetic field. An
engine load controller (model: SC-1D, 90 V, § A, Jiangsu Lan
Ling Test Equipment Co., Ltd., China) was used to adjust the
electrical current in the dynamometer to generate a magnetic
field and adjust engine torque. An encoder (model: E6B2-
CWZ6C, OMRON; Japan) was used to measure the shaft speed
connected to the engine by the flywheel to observe and confirm
the speed of the engine during operation. The force of the
dynamometer was measured using an S-type beam load cell
(model: RM-S2, Ruima Electric Manufacturing Co., Ltd,,
China), and the force from the load cell was then converted to
torque (Nm). Data on the torque, engine speed, and engine
power was shown on the instrument panel (model: CFY-2S,
Jiangsu Lan Ling Test Equipment Co., Ltd., China). During
testing, a data logger was used to collect data from the engine
testing (power, torque, speed, and temperature of fuel, engine
oil, exhaust gas, fresh air, and inlet and outlet water for cooling
the dynamometer) in real time over a long period of time using
multiple sensors. The diesel engine and dynamometer
specifications are given in Table 4.
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Table S. Percentage Uncertainties of Various Instruments”

measurement parameter measuring range instrument accuracy uncertainty (%)
Measured Variables
0, (vol %) 0—25 vol % emission analyzer +0.8% +0.06
CO (ppm) 0—10 000 ppm emission analyzer +5% +0.02
CO, (vol %) 0—25 vol % emission analyzer +0.8% +0.14
NO, (ppm) 0—-3000 ppm emission analyzer +5% +0.01
HC (ppm) 0—40 000 ppm emission analyzer +10% +0.22
EGT (°C) 0-1000 °C temperature sensor +2.6% +1.00
engine speed (rpm) 0—6000 rpm rotary encoder +10 rpm +0.20
fuel weight (g) 0-300¢g digital scale +0.02 g +0.01
time (s) digital stopwatch timer +0.1s +0.10
fuel temperature (°C) —250 to 1300 °C temperature sensor +2.6 °C +0.20
load (Nm) 0—70 Nm strain gauge load cell +0.1% +0.01
LHV (kJ/kg) CHNS/O analyzer +0.80
Calculated Parameters
P, (W) 4021
fuel consumption” (kg/h) +0.31
BSFC® (kg/kW-h) +0.52
BTE? (%) +1.32

“The uncertainty of P, is [(uncertainty of engine speed) + (uncertainty of load)], is equal to [(0.2) + (0.01)] =
consumption is [(uncertainty of fuel weight) + (uncertainty of time) + (uncertainty of fuel temperature)], is equal to [(0.01) + (0.1) + (0. 0)
+0.31%. “The uncertainty of BSFC is [(uncertainty of P,) + (uncertainty of fuel consumption)], is equal to [(0.21) + (0.31)]

+0.21%. ®The uncertainty of fuel

= 4+0.52%. “The

uncertainty of BTE is [(uncertainty of LHV) + (uncertainty of BSFC)], is equal to [(0.80) + (0.52)] = +1.32%.

2.5.2. Uncertainty Analysis. To ensure the accuracy of the
experimental results of the performance and gas emission
characteristics of the diesel engine, uncertainty analysis was
performed. The experimental range, accuracy, percentage of
uncertainty, and measuring device are all described in Table S.
The lower heating value (LHV) acquired from the CHNS/O
analyzer was utilized to compute the BTE uncertainty. As noted
in the footnote of Table 5, the percentage uncertainties were
calculated to be 0.21, 0.31, 0.52, and 1.32% for P, fuel
consumption, BSFC, and BTE, respectively. The percentage of
uncertainties from various instruments, including the rotary
encoder, load cells, digital scale, digital stopwatch timer,
temperature sensors, and CHNS/O analyzer, were used to
estimate these percentages of uncertainties. The overall
experimental performance and emission uncertainty for this
study was defined as +1.68% using the following equation

Opverall experimental emission and performance uncertainty:

=(uncertainty of {(0,)* + (CO)* + (CO,)*
+ (NO, + (HC)? + (EGT)* + (BTE)*})”*

=(uncertainty of {(0.06)* + (0.02)* + (0.14)*
+(0.01)% + (022)% + (1)* + (1.32)*))"”
= + 1.68%

w

RESULTS AND DISCUSSION

3.1. Prediction Model and Statistical Analysis of the
RSM. According to the RSM, prediction models were developed
to find the optimal conditions for ME production from ERCPO
by evaluating the correlation between the independent and
dependent parameters. The purity of ME produced from 28 tests
ranged from 91.86 to 99.21 wt %, as shown in Table 3. A second-
degree polynomial model was predicted for the production of
ME from ERCPO. The influence of methanol concentration,
KOH concentration, stirrer speed, and reaction time on ME
purity was examined using complete multiple regression
techniques at a 95% confidence level. Equation 4 shows the
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predicted model for the correlation between the purity of ME
and the four parameters. The R* and Radjusted2 values of ME
purity were 0.969 and 0.953, respectively. Table 6 shows the

Table 6. Values of coefficients and ANOVA of the Prediction
Model”

coefficient value p-value
By 313 0.0000027357
2 4.668 0.000000000165532
B, 3.893 0.000000139414
B 0.01724 0.00472
P 0.185 0.00606
Bs —0.07844 0.000370
Ps -0.107 0.00000000222092
5, —0.124 0.000024074
By —0.0000226771 0.01895
P 0.00254 0.03122
R? 0.969
Rigusted” 0.953
source SS MS F, Pyt DOF
regression 103.18 1146 61.74 2.46 (Fyos9,18) 9
residual 3.342 0.186 18
total 106.53 27

“Note: SS is the sum of squares, MS is the mean square, F is the
ANOVA coefficient, Fyg is F-table of critical values at a significance
level of 0.0S5, and DOF is the degrees of freedom.

coefficients, p-value, and analysis of variance (ANOVA) for the
regression correlating to ME production. The p-values of <0.05
for each coeflicient were considered significant in the models.
The terms ;M and fM” in eq 4 had the lowest p-value in the
correlation prediction equation analysis. As a result, the
methanol content considerably increased in the purity of ME
in RCPOM for batch transesterification processes. The
influence of the potassium hydroxide content was denoted by
the terms ,K and f,K? which ranked third and fourth,
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Figure 3. Contour plots of the effects of the four parameters on ME purity in RCPOM: (a) methanol and KOH contents, (b) methanol content and
stirrer speed, (c) methanol content and reaction time, (d) KOH content and stirrer speed, (e) KOH content and reaction time, and (f) reaction time

and stirrer speed.

Table 7. Properties of RCPOM

result biodiesel standard
property RCPOM THA® us® EU” for an agricultural engine in Thailand
For Commercial Biodiesel Production
ME (wt %) 96.91 96.5 min. 96.5 min.
linolenic acid ester (wt %) 0.117 12.0 max. 12.0 max.
density@15 °C (kg/m®) 876 860—900 860—900 860—900
viscosity@40 °C (cSt) 45 3.5-5.0 1.9-6.0 3.5-5.0 1.9-8.0
flash point (°C) 154 120 min. 93 min. 101 min. 120 min.
carbon residue (wt %) <0.1 0.3 max. 0.0S max. 0.3 max.
water and sediment (vol %) 0.032 wt % 0.05 max. 0.05 max. 0.05 max. 0.2 max.
total contamination (mg/kg) 24 max. 24 max.
copper strip corrosion no. la no. 1 max. no. 3 max. no. 1 max. no. 3 max.
acid value (mgKOH/g) 0.37 0.50 max. 0.50 max. 0.50 max. 0.8 max.
iodine value (g iodine 100/g) 524 120 max. 120 max.
methanol (wt %) <0.01 0.2 max. 0.2 max. 0.2 max.
TG (wt %) 0.2 0.2 max. 0.2 max.
DG (wt %) 1.5 0.2 max. 0.2 max.
MG (wt %) 0.37 0.7 max. 0.8 max.
FFA (wt %) 0
free glycerin (wt %) 0 0.02 max. 0.02 max. 0.02 max.
total glycerin (wt %) 0.14 0.25 max. 0.24 max. 0.25 max. 0.02 max.
cetane number 51 min. 47 min. 51 min. 1.5 max.
phosphorus (wt %) 0.130 0.001 max. 0.001 max. 0.0004 max. 47 min.
sulfated ash (wt %) 0.05 0.02 max.
“From Somnuk et al.® *From Sajjadi et al.%*

respectively. The F-test results at a 95% confidence level

revealed that the F; value of 61.74 was greater than the

F_; value

of 2.46 (Fygs9,15), as shown in Table 6. In terms of ME purity,
the correlation prediction equation was statistically significant.
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Table 8. Properties of Diesel (B10), RCPOM, Hydrous Ethanol, and Fuel Blends

diesel-RCPOM—hydrous ethanol

property diesel (B10) RCPOM hydrous ethanol D40RMSOE10 D30RM60E10 D20RM70E10 D10RMSOE10
density@15 °C (kg/m?®) 836 876 810 852 856 860 865
viscosity@40 °C (cSt) 2.54 4.50 1.16 3.01 3.18 337 3.57
cloud point (°C) 13
pour point (°C) <10* 12 3 4 6 8
sulfur (wt %) <0.005
water content <200 mg/kg” 0.03 wt % 5.00 vol %
copper strip corrosion <no. 1 no. la
oxidation stability >35h 54.27 min. 63 min.
carbon residue (wt %) <0.03 <0.1 <0.1
flash point (°C) >52¢ 154 18.5 room temperature
high heating value (MJ/kg) 459 39.3 234 40.4 39.7 39.0 384
LHV (MJ/kg) 42.9 36.5 20.7 37.5 36.9 36.3 35.6
methyl esters 9—10 vol % 96.91 wt %
“Department of Energy Business.*®
Diesel

-

)

~—
o A
Clear liquid Clear liquid
1 phase 2 phase
. ; N 10
-
% § A Hydrous
RCPOM Yp— 30 ihano]
SS S S S Ss &8 s S S

Hydrous ethanol (vol.%)

Figure 4. Long-term phase diagram of diesel—-RCPOM—ethanol at room temperature; O represents the presence of a clear liquid single-phase system

and A represents the presence of a clear liquid two-phase system.

ME = f, + M + BK + BS + BT + BMK + M’

+ ﬁ7K2 + ﬂ882 + ﬂ9T2 (4)
where ME is the purity of methyl ester (wt %), M is the methanol
content (vol %), K is the concentration of KOH (g/L), S is the
stirrer speed (rpm), T is the reaction time (min), and /3 is the
coeflicient value.

3.2. Response Surface Plots and Optimal Conditions.
Relationships between dependent and independent variables in
ERCPO ME production are shown as contour plots in Figure 3.
The maximum ME purity of 99.83 wt % was predicted under the
optimal conditions of 18.2 vol % methanol, 10.0 g/L KOH, a
stirrer speed of 380 rpm, and 36.4 min at 60 °C. The correctness
of the model of ME purity was confirmed by the results of actual
experiments, which demonstrated the optimal conditions for
ensuring ME purity. Thus, in the actual experiment, 96.91 wt %
ester was synthesized under optimum conditions. The
compositions and physical properties of RCPOM compared to
biodiesel specifications in the United States, the European
Union, and Thailand are shown in Table 7.
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3.3. Phase Stability of Diesel-RCPOM-Hydrous
Ethanol. The properties of raw material fuels used in fuel
blends are shown in Table 8. A ternary phase diagram was used
to investigate the phase stability of the fuel blend at 35 °C. As
shown in Figure 4, the phase behavior of fuel blends can be
categorized into two types based on their physical character-
istics: clear liquid in a single phase and in two phases. The clear
liquid single-phase system is a homogeneous fuel blend with no
separation of layers or suspended particles. The clear liquid two-
phase system is a two-phase liquid system in which the two layers
are clearly separated, and there are no suspended particles. The
fuel blends were kept at 35 °C, and their stability was observed
for 90 days. Note that the two clear liquid phases appeared
within 1 day of blending RCPOM and diesel for samples in
which the concentration of RCPOM was <40 vol %.
Furthermore, the results showed that increasing the RCPOM
content can improve the stability of the diesel—ethanol blend.
Because RCPOM is biodiesel, it can be used as an emulsifier to
combine ethanol and diesel.”'® Pidol et al.” and Shahir et al.'®
concluded that adding fatty acid ME into the diesel—ethanol
blends improved the stable phase of fuel blends. Thus, when the
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Figure S. Effects of all fuels on the performance of diesel engines operating at various engine speeds and loads: (a) Py, (b) BSFC, and (c) BTE.

concentration of RCPOM was >50 vol % and the concentration
of diesel was <40 vol %, the clear liquid single phase appeared,
and the fuel blend phase separation was not observed even after
90 days. Therefore, the density and viscosity were considered for
the remaining 16 ternary blends (16 white dots). The viscosities
of D1I0RM30E60, D10RM20E70, and DIORM10E80 blends
were 1.75, 1.55, and 1.38 cSt at 40 °C, respectively. Therefore,
the viscosity of these fuel blends did not conform to the standard
requirements for diesel (1.8—4.1 cSt at 40 °C). Thus, remaining
13 blends were evaluated for testing in DI diesel engines.
However, diesel engines should not be run with fuel blends that
contain >15% ethanol without engine modification.”**"%® The
excessive ethanol content in the fuel blend results in an unstable
engine, vibration, and difficulty in controlling the engine.67
Therefore, the NO,, CO, CO,, and HC emissions, O, gas
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emission, Py, BSFC, and BTE of the engine for the outstanding
four ternary blends of diesel-RCPOM-—ethanol, namely,
D40RMSO0E10, D30RM60E10, D20RM70E10, and
D10RMB8O0E10, were investigated in unmodified diesel engines
running at various engine speeds and loads using a
dynamometer. Table 8 shows the properties of diesel, biodiesel,
ethanol, and fuel blends.

3.4. Engine Performance. 3.4.1. Brake Power. Figure Sa
shows the P, for diesel, RCPOM, and fuel blends at different
engine speeds. The Py, of all fuels increased as the engine speed
increased up to 2000 rpm. The P, of RCPOM is slightly lower
than that of diesel at all speeds. The viscosity and density of
biodiesel are higher than those of diesel, resulting in lower fuel
combustion efﬁciency,é9 as shown in Table 8. Moreover, the
LHYV of biodiesel is also lower than that of diesel, resulting in
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Figure 6. Effect of engine loading on the combustion of fuels in a diesel engine as measured using different emissions: (a) EGT, (b) NO,, (c) CO, (d)

CO,, (e) O, and (f) HC.

lower P,.*” For all fuel blends, P, increased as the engine speed
increased from 1100 to 2000 rpm and decreased as the speed
increased from 2000 to 2300 rpm. At all speeds, the Py, of the fuel
blends was lower than that of diesel. Because ethanol has a lower
cetane number and heating value than diesel, the P, of fuel
blends is lower than that of diesel at a maximum engine speed of
2300 rpm; the P, values of D40RMSOE10, D30RM60ELQ,
D20RM70E10, and DI0RMSOE10 were 18.39, 20.12, 24.05,
and 31.46%, respectively. Jia et al.”’ reported that the engine
brake power of the diesel—biodiesel—ethanol blend was lower
than that of diesel and decreased in proportion to the increase in
biodiesel or ethanol content because the calorific value of the
fuel blend was lower than that of diesel. Tripathi et al.”" reported
a similar result and stated that adding ethanol to the fuel blend
led to reduced cetane numbers and engine power due to a longer
ignition delay.

3.4.2. Brake-Specific Fuel Consumption. BSEC shows the
fuel consumption in 1 h to produce 1 kW of brake power.’”
Figure Sb shows the variation in BSEC of diesel, RCPOM, and
fuel blends at different engine speeds and loads. Since RCPOM
and fuel blends have LHVs than those of diesel, they have higher
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BSFC, and hence, the engine spends more fuel to maintain the
same level of Py as compared to diesel when the speed is
increased.”””> The BSFC increased when the proportion of
biodiesel in the mixture was higher. The DIORMSOE10 blend
had the lowest LHV, affording it the highest BSFC. This is
because the maximum biodiesel content in the fuel was very
high, affording the fuel with the highest BSFC. Moreover, the
high density and viscosity of biodiesel during the fuel injection in
the combustion chamber created larger droplets and inhibited
evaporation, leading to an increase in BSECs.”” The increase in
oxygen content after adding ethanol, on the other hand,
increased the BSFC because ethanol has a lower calorific value,
as reported by de Oliveira et al.*”* and Bhat et al.”* At 50 and 75%
engine load, the BSFC of the fuel blend did not vary much from
that of biodiesel as the fuel blend had a calorific value similar to
biodiesel. At a 25% engine load and 2300 rpm, the BSFCs of
RCPOM, D40RMS0E10, D30RM60E10, D20RM70E10, and
D10RMS8O0EIO were 22.54, 26.61, 28.81, 28.81, and 30.51%
higher than those of diesel, respectively. At a 50% engine load,
the BSFC of RCPOM was 22.89% higher than that of diesel at
2300 rpm. Unfortunately, there are no results from BSFC of all
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fuel blends at 2300 rpm. When over 15% ethanol is added to the
fuel blend, the engine cannot operate smoothly due to ignition
failure, especially at high speeds. Because of the high
concentration of ethanol in the mixture, there is a delay in
ignition and automated ignition.75 Consequently, there are no
reports on the performance and emissions of D40RMSOE10,
D30RM60E10, D20RM70E10, and D10RMS80E10 blends at a
50% engine load and 2300 rpm. Therefore, the BSFC of fuel
blends reported in this study is at a maximum engine speed of
2000 rpm. The BSFCs of D40RMSOE10, D30RMG60E1OQ,
D20RM?70E10, and DIORMS80E10 were 14.46, 16.87, 20.48,
and 21.69% higher than those of diesel, respectively. For a 75%
engine load, the BSFC of RCPOM was 11.64% higher than that
of diesel at 2300 rpm. Compared to diesel, the BSFCs of
D40RMS0E10, D30RM60E10, D20RM70E10, and
D10RMBS8O0E10 were greater. The BSFCs were found to be
16.94, 12.55, 14.39, and 18.02%, for 2000, 1700, 1700, and 1200
rpm, respectively.

3.4.3. Brake Thermal Efficiency. The fuel eficiency of the
diesel engine is explained by the effect of the BTE. The BTE is
the ratio of the P, received by the crankshaft of the engine to the
energy supplied by the fuel to the engine.”” The BTEs for all
fuels at various engine speeds and loads are shown in Figure Sc.
Ata25% engine load, the BTE for RCPOM was similar to that of
diesel at all engine speeds. The BTEs for the fuel blends were
comparable to those of diesel at low speeds of 1100—1700 rpm,
and BTEs were lower than those of diesel as the speed of engine
increased. At a 25% engine load, the BTEs for RCPOM,
D40RMSO0E10, D30RM60E10, D20RM70E10, and
D10RMSOE10 at 2300 rpm were 4.19, 9.64, 9.66, 8.07, and
7.64% lower than that of diesel, respectively. At a 50% engine
load, the BTEs for RCPOM, D40RMSOE10, D30RM60E10,
D20RM70E10, and D1I0RMSOE10 were 4.46, 0.05, 0.42, 1.71,
and 0.95% lower than BTEs for diesel at 2300, 2300, 2000, 2000,
and 2000 rpm, respectively. Because biodiesel and ethanol have
a lower LHV than diesel, they showed poorer combustion;
hence, doubling the amount of biodiesel and ethanol in the
blend considerably reduced the BTE.” Silitonga et al.”’
reported a similar result. A higher latent heat of vaporization
of ethanol was shown to cause heat loss, which in turn reduced
BTE. Additionally, the lower cetane number of ethanol resulted
in alonger ignition delay, causing incomplete combustion of fuel
and lower BTE. At a 75% engine load, the BTE:s for all fuels were
higher than diesel. At 2300 rpm, the BTE for RCPOM was
5.17% higher than that of diesel. The LHV and greater viscosity
of biodiesel increased as the engine load increased and the
cylinder temperature increased. Because of the increased spray
characteristics of the fuel, this resulted in complete combustion
in the chamber. Therefore, the BTE was improved.”® The BTEs
for D40RMS0E10, D30RM60E10, D20RM70E10, and
D10RMS8O0E10 blends were higher than 2.17, 3.40, 3.52, and
2.13% at 2000, 1700, 1700, and 1400 rpm, respectively. Adding
alcohol increased the BTE for fuel blends at high engine loads,
which increased the oxygen level in blends. Because ethanol has
a lower boiling point than diesel, less heat is lost during
combustion when more oxygen is present in the fuel.”* Theinnoi
et al”’ reported a similar result. They concluded that the O,
content in ethanol improves the fuel combustion efficiency.
Additionally, the low viscosity and surface tension of ethanol
result in a better fuel spray and smaller droplet sizes, which
improve the homogeneity of the mixing process. Taib et al.”’
reported that the water in biofuels evaporates during
combustion, increasing the BTE of the engine. This is due to
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a decrease in combustion temperature and a decrease in the
heating value of the fuel.

3.5. Engine Emission. 3.5.1. Exhaust Gas Temperature.
Figure 6a shows the exhaust gas temperature (EGT) of all fuels
at different loads and speeds of engine. In all cases, the EGT
increased as the load and speed increased. While the engine was
operating under a higher load, it sprayed more fuel for
combustion than under normal conditions. This increased the
temperature in the cylinder, which increased the EGT.” The
EGT of RCPOM was lower than that of diesel for all speeds at a
25% engine load. However, EGT levels for fuel blends were
higher than those for diesel all engine speeds at 25% load. The
EGT of RCPOM was 4.90% lower than that of diesel at 2300
rpm, the highest speed of the engine. Unlike diesel, biodiesel has
a lower LHV, which means that it generates lower combustion
chamber temperatures.”” Therefore, biodiesel has a lower EGT
than that of diesel, whereas the EGTs of D40RMSOEIO,
D30RM60E10, D20RM70E10, and D10RM80E10 blends were
1.63, 0.92, 1.86, and 0.94% higher than that of diesel,
respectively. When compared to diesel, the shorter combustion
time of the fuel blend results in a modest increase in the EGT.
Tan et al.*> and Yilmaz et al.” reported similar results. They
found that the low cetane number of alcohol led to a greater
EGT due to a longer ignition delay. Moreover, the high oxygen
content in alcohol contributed to higher combustion chamber
temperatures and EGT. For an engine load of 50%, the EGT's of
RCPOM were slightly higher than those of diesel at all speeds.
At 2300 rpm, i.e., the engine maximum speed, the EGT of
RCPOM was 5.17% higher than that of diesel. EGT's from fuel
blends were higher than diesel at 1100—1400 rpm and lower
than diesel at 1700—2000 rpm, except for the D4ORMSOE10
blend. The EGT of D40RMSO0E10 increased by 8.61% at 2000
rpm, while that of D30RM60E10, D20RM70E10, and
D10RMSO0E10 decreased by 1.30, 6.81, and 7.50% at 1700
rpm, respectively, compared to diesel. At a 75% maximum load,
the EGT of RCPOM was 1.83% lower than that of diesel at 2300
rpm. The EGTs of D40RMS0E10 and D30RM60E10 were 9.87
and 4.49% higher than diesel at 2000 and 1700 rpm, respectively.
Alternatively, the EGT of D20RM70E10 and D10RMS80E10
blends was 7.68 and 2.7% lower than diesel at 1700 and 1400
rpm, respectively. A higher proportion of biodiesel in the
diesohol lowered the EGT due to the low cetane number and
LHV of biodiesel.”> Additionally, increasing the amount of
ethanol in the mixture led to a decrease in EGT because of
increased latent heat of vaporization and decreased LHV of
ethanol.***'

3.5.2. Nitrogen Oxide Emissions. NO, emissions are the
primary pollutants emitted during the combustion of fuel in
diesel engines, and NO, causes climatic impacts as well as health
concerns.”* NO, emissions are influenced by various factors of
the fuel, including the air—fuel interaction in combustion, the
combustion temperature in the cylinder, residence time, density,
cetane number, and oxygen content.”””*”” Figure 6b shows the
NO, emissions for diesel, RCPOM, and fuel blends at various
engine speeds and loads. The NO, emission increased as the
engine load increased.”* The concentration of O, in the fuel is an
important factor in NO,, emission, and high O, concentrations
in biodiesel increase combustion, resulting in greater NO,
emissions, similar to diesel, as reported by Ramalingam and
Rajendran’® and Ghadikolaei et al.** Additionally, the higher
viscosity factor of biodiesel results in the spraying of larger fuel
droplets and an ignition delay, resulting in higher NO,
emissions, similar to those described by Altaie et al®! At a
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speed of 2300 rpm, NO, emissions from RCPOM combustion
were 7.75, 13.18, and 15.94% higher than diesel at 25, 50, and
75% engine loads, respectively. For a 25% engine load, the NO,,
emissions of fuel blends were lower than diesel at all engine
speeds. The NO, emissions of D40RMS0E10, D30RM60E10,
D20RM70E10, and D1I0RMS8OE10 were 19.94, 17.88, 24.06,
and 26.69% lower than diesel at 2300 rpm, respectively, i.e,, the
maximum engine speed. At 50 and 75% engine loads, the NO,,
emissions from fuel blends were higher than diesel when the
engine speed was 1100—1400 rpm and lower than diesel when
the engine speed was 1700—2000 rpm. At a 50% engine load, the
NO, emissions of D40RMSO0E10, D30RM60E1O,
D20RM70E10, and D1I0RMS8OE10 were 14.26, 16.93, 17.72,
and 14.10% lower than diesel at 2000 rpm, respectively. Ata 75%
engine load, NO, emissions of D40RMS0E10, D30RMG60E10,
and D20RM70E10 were 32.44, 11.07, and 21.43% lower than
diesel at 2000, 1700, and 1700 rpm, respectively. High NO,
emissions were observed when the concentration of biodiesel
blends in diesohol was increased. According to studies by Jia et
al.’”’ and Zhang et al,”® NO, emissions increase with the
biodiesel content of the fuel blends. In particular, NO, emissions
of pure biodiesel were higher than those of diesel. However,
adding ethanol to the mixture lowered the cetane number,
leading in a longer ignition delay and increased NO, levels at low
speeds. Conversely, at high engine speeds, the high latent heat of
vaporization and low heating value of ethanol result in lower
NO, formation.”*”® Yilmaz et al.”* and Ghadikolaei et al.*’
found a similar result, indicating that increased latent heat of
alcohol vaporization is a critical factor contributing to heat
absorption in the combustion chamber and the decrease in NO,,
formation.

3.5.3. Carbon Monoxide and Carbon Dioxide Emissions.
CO is a toxic, odorless, and colorless gas that causes air
pollution. An insufficient oxygen content during the combustion
of fuel in diesel engines causes incomplete combustion, leading
to oxidation reactions that form CO.'® Additionally, CO
emissions depend on the physical and chemical properties of
the fuel, fuel spraying characteristics, residence time, combus-
tion chamber temperature, and air—fuel ratio.®? Figure 6¢ shows
the CO emissions of all fuels at different engine speeds for 25, 50,
and 75% engine loads. At all loads, the higher oxygen content in
biodiesel than diesel promoted better combustion, resulting in
lower CO emissions than diesel.*” The addition of biodiesel and
ethanol to diesel reduced CO emissions because both fuels were
oxygen-rich, enabling complete combustion of the fuel, and CO
emissions of the fuel blend were significantly lower at higher
engine loads. Subbaiah et al.'” and Theinnoi et al.”’ reported a
similar result. They concluded that the higher oxygen content of
diesel—biodiesel—ethanol had a significant impact on CO
reduction at higher engine loads. For a 25% engine load and
2300 rpm, the CO emissions from RCPOM, D40RMS0E10,
D30RM60E10, D20RM70E10, and D10RM8OE10 were 19.07,
6.31,6.05, 13.89, and 20.84% lower than diesel, respectively. At a
50% engine load, CO emissions from RCPOM were 12.82%
lower than diesel at 2300 rpm. The CO emissions for fuel blends
were lower than diesel, except for D4ORMSOE10 blend. The CO
emissions of D40RMSOE10 increased by 7.79%, whereas those
of D30RM60E10, D20RM70E10, and D10RMS8OE10 decreased
by 7.79, 9.15, and 15.33% at 2000 rpm, respectively, compared
to diesel. For a 75% engine load, the CO emissions of RCPOM
were 19.28% lower than diesel at 2300 rpm. For all fuel blends,
the CO emissions of D40RMSOE10, D30RM60E10, and
D20RM70E10 were 39.16, 54.41, and 60.67% lower than diesel
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at 2000, 1700, and 1700 rpm, respectively, while those of
D10RMS8OE10 were 9.21% higher than diesel at 1400 rpm.
Because of the low calorific value and latent heat of ethanol
addition, combustion temperatures were lower, resulting in CO
emissions.”® CO, is produced as a result of complete fuel
combustion inside the cylinder. An increase in CO, shows
higher complete combustion efficiency. Figure 6d shows the
CO, emissions of different fuels at engine loads of 25, 50, and
75%. In general, CO, emissions increase with increased engine
speed and load.”” For engines at high speeds and loads, the high
fuel consumption is used to burn without excess air, resulting in
accelerated CO, formation.”* At an engine speed of 2300 rpm,
CO, emissions of RCPOM were 1.25, 2.28, and 2.29% higher
than diesel at 25, 50, and 75% engine loads, respectively. The
D40RMSO0E10 blend had the highest CO, emissions. However,
all fuel blends had greater emissions than diesel. As a result of
adding ethanol to the mixture, the D4ORMSOE10 blend had
higher CO, emissions, indicating that more fuel combustion
occurs than fuel oxidation, and CO, was released as a substitute
for CO.%” Subbaiah et al.'” reported similar results and
concluded that addition of ethanol in fuel affords higher CO,
emissions. At a 25% engine load and 2300 rpm, the CO,
emissions from D40RMS0E10, D30RM60E10, D20RM70E10,
and D10RMS8OE10 blends were 6.46, 1.65, 0.95, and 1.59%
higher than diesel, respectively. At a 50% engine load and 2000
rpm, CO, emissions of D40RMSOE10, D30RMG60E1O,
D20RM70E10, and D1I0RMS8OE10 blends were 19.26, 8.13,
4.00, and 2.30% higher than diesel, respectively. At a 75% engine
load, CO, from D40RMS0E10, D30RM60E10, D20RM70E10,
and D10RMS8O0E10 blends were 8.86, 11.61, 1.91, and 14.00%
higher than diesel at 2000, 1700, 1700, and 1400 rpm,
respectively. The emissions of diesel and diesel blended with
various proportions of biodiesel were analyzed by Chuah et al.”’
They reported that the biodiesel blend emitted more carbon
dioxide than regular diesel because inefficient combustion
occurred, and a lot of CO was turned into CO, because oxygen
in the mixture reacted with the carbon atoms, causing the fuel to
burn for a longer period.

3.5.4. Oxygen Gas. The amount of O, in exhaust gas is a
measure of the combustion quality. A low O, content in the
exhaust gas indicates complete combustion because O, is used
to convert CO to CO, during the combustion process.”” Figure
6e shows the emission of O, gas from all fuels in the exhaust gas.
For all fuels, O, gas content decreases as the engine load
increases. According to Agbulut et al,® the engine has a high
volumetric efficiency at low engine speeds, which increases the
O, content of fuels. As the engine speed increases, the flow of
turbulent air in the chamber increases, which enhances the
performance of the fuel blend. As a result, as the combustion
quality improves, O, consumption increases, reducing the
amount of excess O, released into the environment. The O, gas
of RCPOM was lower than that of diesel fuel at almost all speeds.
At a speed of 2300 rpm, the O, gas of RCPOM was 0.36, 1.00,
and 1.5% lower than diesel at 25, 50, and 75% engine loads,
respectively. For all fuel blends, the D4ORMSOE10 blend had the
lowest O, gas in the fuel blends. The addition of ethanol results
in the presence of a significant amount of O, in the mixture,
which increased combustion and reduced O, gas content in the
exhaust gas.** At a 25% engine load and 2300 rpm, O, from
D40RMSO0E10 and D30RMG60E10 was 1.76 and 0.80% lower
than diesel, while those from D20RM70E10 and D10RMS80E10
were 1.43 and 1.05% higher than diesel, respectively. At a 50%
engine load at 2000 rpm, the O, gas of D4ORMSOE10 and
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D30RM60E10 was 7.19 and 2.90% lower than diesel, while that
of D20RM70E10 and D10RM80E10 was 4.52 and 1.95% higher
than diesel, respectively. With a 75% engine load, the O, gas of
D40RMSOE10 and D30RM60E10 was 6.11 and 5.86% lower
than diesel at 2000 and 1700 rpm, while the O, gas of
D20RM70E10 and D10RM80E10 was 6.68 and 3.33% higher
than diesel at 1700 and 1400 rpm, respectively.

3.5.5. Hydrocarbon Emissions. The factors that affect HC
emissions are fuel properties, operating conditions, air—fuel
ratio, fuel spraying, flame quenching, and fuel trapping in the
crevices during combustion.”’ Figure 6f shows the HC
emissions of all fuels as the engine speed and load increase.
For all fuels, the results showed that HC emissions increased as
the load increased. The HC emissions from RCPOM and fuel
blends were lower than diesel at low loads, and HC emissions of
RCPOM and fuel blends were higher than diesel at medium and
high loads. At a 25% engine load at 2300 rpm, HC emissions
from RCPOM were 32.21% lower than diesel. At 50 and 75%
engine loads, the HC emissions of RCPOM were 29.50 and
46.81% higher than diesel at an engine speed of 2300 rpm,
respectively. At a 25% engine load, the HC emissions of
D40RMSO0E10, D30RM60E10, D20RM70E10, and
D10RMS8OE10 were 16.83, 16.67, 27.88, and 16.35% lower
than diesel at 2300 rpm, respectively. At a 50% engine load and
2000 rpm, HC emissions from D40RMSOE10 were 9.62% lower
than diesel, while those of D30RM60E10, D20RM70E10, and
D10RMS8O0E10 were 13.78, 3.85, and 5.77% higher than diesel,
respectively. At a 75% engine load, the HC emissions of
D40RMS0E10, D30RM60E10, and D20RM70E10 were 16.75,
11.11, and 28.40% lower than diesel at 2000, 1700, and 1700
rpm, respectively, while that of DIORMS8OEIO was 50.72%
higher than diesel at 1400 rpm. The results of this test were
mostly related to the latent heat of ethanol, carbon—carbon
double bond in biodiesel, and the physical and chemical nature
of oxygen in ethanol and biodiesel, which led to lower HC
emissions.”” According to Jamrozik et al,”” a lower ethanol
content decreases the viscosity and density of the mixture,
resulting in better spraying and atomization, which leads to
enhanced combustion and lower HC emissions. However,
partially unburned ethanol, long-period combustion, a low
cetane number, and a low cylinder temperature all contribute to
greater HC emissions for some fuel blends.**

4. CONCLUSIONS

RCPOM from RCPO was successfully produced by the RSM
technique with batch process transesterification reactions using
commercial and community standards for agricultural diesel
engines. RCPOM acted as an emulsifier in the blending process
of diesel-hydrous ethanol fuels, enabling better fuel blending.
The properties and phase stability of diese]l -RCPOM—ethanol
were investigated with a ternary diagram that corresponds to
some requirements in the diesel standard. In addition, emissions
and performance of RCPOM and fuel blends were tested and
compared with those of diesel in an unmodified agricultural
diesel engine at different speeds and loads of engines. The
following are the conclusions of this study.

1. Under optimum conditions of 18.2 vol % methanol, 10.0
g/L KOH, a stirrer speed of 380 rpm, a reaction time of
36.4 min, and a reaction temperature of 60 °C, the batch
transesterification process can produce ME with a purity
0f 96.91 wt % for RCPOM.

9287

2. A ternary diagram was used to investigate the phase
stability of diese]l-RCPOM—hydrous ethanol blends at
35 °C (room temperature). A clear liquid single phase was
observed when the concentration of RCPOM was >50 vol
% and the concentration of diesel was <40 vol %.
However, single-phase fuel blends were subject to some
requirements according to the diesel standards, and
therefore, only four fuel blends were used for performance
and emission studies.

. As concluded from the testing of performance of all fuels
in diesel engines, the P, of RCPOM is slightly lower than
that of diesel at engine speeds of 1100—2300 rpm. The P,
of fuel blends increased as the engine speed increased
from 1100 to 2000 rpm and decreased as the engine speed
increased from 2000 to 2300 rpm because the cetane
number of ethanol is lower than diesel. Moreover, BSECs
from RCPOM and fuel blends under all conditions were
higher than those of diesel. The effect of BSFCs increases
as the biodiesel concentration in the mixture increases,
with the DIORMS8OE10 blended fuel having the highest
BSFC. Due to a longer ignition delay, RCPOM and fuel
blends had lower BTEs than diesel at 25 and 50% loads,
but RCPOM had higher BTEs than diesel at the
maximum load. The results also showed that adding
alcohol to the mixture increased the oxygen level of the
mixture, resulting in complete combustion of the fuel in
the cylinder.

. RCPOM had higher NO, emissions than diesel in all
cases. Because of the high latent heat of ethanol
vaporization and LHV, NO, emissions from fuel blends
were lower than diesel at 50 and 75% loads, especially for
the D40RMSOE10 blend. Under all engine loads,
RCPOM had lower CO emissions than diesel. Because
both biodiesel and ethanol have high oxygen contents,
they promote higher levels of combustion and therefore
minimize CO emissions. All fuels had greater CO,
emissions than diesel, with the D40RMSOE10 blend
having full combustion and the highest CO, emissions.
Because complete combustion resulted in lower O, in the
exhaust, the O, gas of the D40RMSOE10 blend was
among the lowest of all fuel blends. The HC emissions of
the D40RMSOE10 fuel blend were closest to diesel in all
loads.

In unmodified diesel engines, the emissions and performance
of fuel blends consisting of diesel—-RCPOM—hydrous ethanol
were tested. The fuel blend was simple to use in agricultural
engines and required no engine modifications. Furthermore, this
fuel blend could be used in diesel engine generators and water
pumps. In this test, the D4ORMSOE10 blend was the most
suitable fuel blend as it had the closest performance to diesel and
the lowest environmental effect. According to the findings of this
study, the D40ORMSOE10 blend performed admirably at an
engine speed of 1700—2000 rpm and a 75% engine load. The
complete combustion of the D4ORMSO0E10 blend reduced NO,,
and CO emissions by up to 32 and 55%, respectively, compared
to diesel. Further research and development in the future can
also examine the long-term effects of fuel blends on diesel engine
components. It is also possible to investigate modified engines to
change the fuel blend for maximum application efficiency.
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B NOMENCLATURE

BSFC brake-specific fuel consumption

BTE brake thermal efficiency

CO carbon monoxide

CO, carbon dioxide

D40RMSO0E10 40 vol % diesel + 50 vol % RCPOM + 10 vol %
ethanol blend

D30RM60E10 30 vol % diesel + 60 vol % RCPOM + 10 vol %
ethanol blend

D20RM70E10 20 vol % diesel + 70 vol % RCPOM + 10 vol %
ethanol blend

D10RMS80E10 10 vol % diesel + 80 vol % RCPOM + 10 vol %
ethanol blend

DG diglyceride

EGT exhaust gas temperature

FAME fatty acid methyl esters

FFA free fatty acid

HC hydrocarbon emissions

H,SO, sulfuric acid

KOH potassium hydroxide

LHYV lower heating value

RCPO refined crude palm oil

ERCPO esterified refined crude palm oil

RCPOM refined crude palm oil methyl ester

CPO crude palm oil

ME methyl ester

MG monoglyceride

NO,, nitrogen oxides

O, oxygen gas

P, brake power

PM particulate matter

RSM response surface methodology

TG triglyceride
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TLC/FID thin-layer chromatograph with flame ionization
detector

vol % percentage by volume

wt % percentage by weight
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