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ABSTRACT: Relatively cheaper high-acid oil was used to make biodiesel through
supercritical methanol transesterification, where high FFA contents in feedstock
might conversely enhance the reaction extent. A direct-injection diesel engine and a
dynamometer were used to analyze the engine characteristics of the high-acid oil-
biodiesel. The experimental results show that the biodiesel made in this study had
adequate fuel properties. This present biodiesel from high-acid oil was found to bear
a lower heating value and equivalence ratio, with higher exhaust gas temperature,
brake-specific fuel consumption (bsfc), and excess air ratio, than super-low sulfur
diesel (SLSD). The biodiesel appeared to have larger-sized carbon residue left after
the burning process in comparison with that of SLSD. The higher engine speed
resulted in higher exhaust gas temperature and equivalence ratio, while lower bsfc,
excess air ratio, was observed for the biodiesel. Supercritical methanol trans-
esterification has been successfully proven to convert those low-cost feedstocks to renewable biodiesel products which own
competitive engine performance in this study.

1. INTRODUCTION
Biodiesel which is sometimes called fatty acid methyl esters
(FAME) is generally produced from a transesterification
reaction. Biodiesel owns dominant advantages including
superior combustion efficiency due to its about 10 wt %
more oxygen compounds, lower pollutant emissions, excellent
biodegradability, superior lubricity, etc.1 in comparison with
those of super-low sulfur diesel (SLSD). Biodiesel is a
promising alternative fuel to petro-diesel. Feedstock cost is
the major factor in determining the biodiesel price and its
competitiveness extent in fuel markets. Vegetable oil, animal
fats, or microalgae lipids whose primary constituents are
triglycerides have been generally used as feedstocks to produce
biodiesel.2 However, the costs of those feedstocks are
frequently too high to hinder their wide use and hinder their
competence in the fuel market. Yasa̧r3 compared the fuel
properties of biodiesel made from 10 different feedstock
vegetable oils. He found that biodiesel from algae and olives
appeared to have the highest ester contents and cetane
number.

Vadivelu et al.4 investigated the engine performance of the
blend of biodiesel made from degraded cashew nut shell liquid
(CNSL) with diesel fuel, ethanol, and hydrogen. They found
that the increase in hydrogen concentration in such a biodiesel
blend caused an increase in brake thermal efficiency (BTE)
and a decrease in brake-specific fuel consumption. The brake
heat of such a biodiesel blend was reduced by 26.8 compared
to the diesel fuel. The effects of Simarouba glauca biodiesel
and exhaust gas recirculation (EGR) on the engine emission

and performance of a compression-ignition diesel engine were
studied by Bedar et al.5 The 20% biodiesel blended with 80%
diesel fuel (briefly termed B20) together with 15% EGR was
found to have superior engine performance under all
experimental conditions.

Strong alkaline-catalyst transesterification which is generally
applied to produce biodiesel in the industry appears to have a
rather low tolerance extent for the amounts of free fatty acids
(FFAs) and water in the raw oil.6 However, low-cost feedstock
such as waste cooking oil generally contains relatively high
FFAs and water and might thus hinder the progress of
transesterification and facilitate saponification formation,
resulting in the reduction in yield of fatty acid methyl esters
(FAME). The water content and free fatty acids for successful
biodiesel manufacture are suggested to be under 0.06 and 0.5
wt %, respectively.7 Instead, soybean soapstock is the residual
left after the oil squeeze process from the alkaline
neutralization of the degummed soybean oil.8 It is produced
at a rate of approximately 6 wt % of the degummed soybean oil
and thus is considered the most abundant and cheapest
byproduct of the soybean oil production process.9
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Soybean soapstock is primarily composed of free fatty acids,
unsaponifiable compounds, hydrolyzed phosphatide, neutral
oil, etc.10 Soybean soapstock after being mixed and stirred with
strong sulfuric acids and high-temperature water steam carried
out an acidification reaction to form the high-acid oil.11 The
free fatty acids in the byproduct high-acid oil might reach as
high as 59.3 wt % and thus is not applicable to proceed
through a strong alkaline-catalyst transesterification reaction
for biodiesel manufacture.12 The cost of the feedstock
generally determines 75% of the manufacturing cost of
biodiesel. Although degraded feedstocks are significantly
cheaper than fresh vegetable oils, they may require more
treatment processes to reduce their impurities, water, and free
fatty acids. In consequence, the manufacturing cost of biodiesel
from high-acid oil produced from soybean soapstock could be
reduced by as much as 25% in comparison with those of
general vegetable oils or animal lipids. Water in vegetable oil
could hydrolyze methyl esters to curtail their yield rate from
the feedstock. The mixing of water, free fatty acids, and strong
alkaline catalyst during the transesterification process would
result in the reduction of the formation of methyl esters.13

Other efficient transesterification methods than an acid- or
alkaline-catalyst reaction to produce biodiesel from high-acid
oil have attracted much research interest. When the pressure
and temperature of a fluid exceed its corresponding critical
pressure and temperature, it is termed a supercritical fluid.
Hence, a supercritical fluid is prone to extracting a solute from
a solvent mixture and enhancing the reaction rate as well. A
noncatalytic supercritical methanol transesterification
(scMeOH) was used to manufacture fatty acid methyl esters
from candlenut oil.14 The parameters of the reacting pressure,
reaction time, reacting temperature, and methanol-to-oil (M/
O) molar ratio were varied to investigate their effects on the
reaction process. They found that the optimum reaction
pressure, reaction temperature, molar ratio of methanol to
high-acid oil, and reaction time were 115 bar, 558 K, 30, and
22 min to obtain the maximum FAME yield of 96.35%. Hence,
scMeOH was one of the effective methods for biodiesel
production. Microwave and ultrasonic irradiation are also
promising production methods for biodiesel. The liquid-phase
plasma discharge method is considered an emerging
technology that might achieve a 99.5% yield of FAME and
the shortest reaction time (in seconds).15 Singh et al.16

considered that supercritical transesterification owned a fast
and high conversion rate and was an environmentally friendly
biodiesel production method in comparison with other
traditional catalyst transesterification. The advantages of
supercritical methanol transesterification for biodiesel produc-
tion over other methods also include no pretreatment required,
wide application of a variety of feedstocks and short reaction
time.17 They also found that alcohol type, residence time, and
cosolvents play significant roles in determining the yield rate
and quality of the FAME produced. Qadeer et al.18 proposed
that energy saving might achieve 71.6% by using supercritical
methanol transesterification when compared with other
biodiesel production methods. Sitepu et al.19 found that the
formation rate of fatty acid methyl esters still can exceed 98%
even when the water content in the vegetable oil was more
than 50 wt % when a supercritical methanol transesterification
reaction was applied. Soybean soapstock has a relatively lower
economic value and frequently is discarded directly. Lin and
Lin20 investigated the fuel quality of soybean biodiesel from
high-acid oil. Although the reaction process and fuel

characteristics of the biodiesel made from supercritical
methanol transesterification have been investigated previously,
the engine operation and performance of the biodiesel through
supercritical transesterification have not been considered
yet.21,22 The applicability of soybean soapstock to make
high-acid oil for the production of biodiesel requires to be
completely assessed. Soybean soapstock after proceeding with
the acidification reaction is converted to high-acid oil which
primarily consists of monoacylglycerol (MAG), diacylglycerol
(DAG), and triacylglycerol (TAG).23 The supercritical
methanol transesterification is thus considered to make
FAME. High free fatty acids and water contents generally
exist in high-acid oil. The high-acid oil-biodiesel was fueled in a
four-stroke and naturally aspirated diesel engine to analyze its
engine performance and systematically evaluate the adequacy
and competency of the biodiesel in this experimental study.
Major engine performance characteristics such as equivalence
ratio, fuel conversion efficiency, and brake-specific fuel
consumption (bsfc) were analyzed to obtain reliable engine
operating data.24 The engine performance of high acid oil-
biodiesel produced through supercritical methanol trans-
esterification has not been carried out before.25 The biodiesel
from high acid oil derived from an extraction of soybean oil
was first compared with commercial biodiesel made from
traditional waste cooking oil through industrial strong alkaline
catalyst-transesterification and with a super low sulfur diesel of
fossil fuel. The application of the supercritical methanol
transesterification method for biodiesel production is first
objectively assessed based on the above comparison results of
various engine performance properties.

2. EXPERIMENTAL DETAILS
2.1. Production of Biodiesel from High-Acid Oil. A

reacting system for supercritical methanol with vegetable oil
(Jeoou Rong Industrial Corp. in Kaohsiung City, Taiwan) was
used to undergo transesterification of the high-acid oil. The
soybean soapstock was used to produce high-acid oil by an
acidification reaction.26 The reacting system was allowed to
tolerate a high pressure of 27.6 MPa and a high temperature of
723.15 K.27 The allowable temperature and pressure of the
reacting system far exceed the critical temperature and pressure
of methanol, which are 513.2 K and 7.95 MPa, respectively.
The available volumetric capacity of the reacting vessel reaches
5 L.

This study set the molar ratio of methanol to the high-acid
oil (briefly denoted as the M/O molar ratio afterward) from
soybean soapstock between 12 and 50. A lower M/O molar
ratio than 12 might hinder the transesterification process,
leading to longer reaction time, higher reaction temperature,
and lower conversion rate from triglyceride to form fatty acid
methyl esters (FAME).28,29 The fuel characteristics of FAME
from the supercritical reaction under various molar ratios of
M/O were analyzed to adjust the experimental conditions. The
high-acid oil was added to the reacting vessel of the reacting
system to mix with methanol at preset molar ratios ranging
from 12 to 50. Neither strong alkaline nor acidic catalyst was
used to facilitate transesterification in the supercritical
transesterification system.30 The mixture was then heated to
reach 623 K, which was higher than the corresponding critical
point of methanol at 512 K. The supercritical trans-
esterification lasted 30 min under the temperature of 623 K
to complete biodiesel production. The crude biodiesel was
then split into the biodiesel product at the top and glycerol at
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the lower layer of the reacting vessel by a centrifugal machine
due to their obvious density difference.31 The unreacted
mixture, water, and other compounds were heated away from
the crude biodiesel using a rotary vacuum evaporator (R-2000
V1 model, Panchum Scientific Corp., Kaohsiung City,
Taiwan).

The commercial biodiesel produced from used cooking oil
through traditional strong alkaline-catalyst transesterification
under atmospheric pressure was supplied by Codetech
Technology Co., Ltd. (Taipei City, Taiwan). Super-low sulfur
diesel (SLSD) was provided by CPC Corp., Taiwan. The
engine characteristics among the present biodiesel from high-
acid oil, commercial biodiesel, and SLSD were analyzed and
compared afterward. The heating values of the various fuel
samples were measured by an oxygen bomb calorimeter (1261
model, Parr Instrument Ltd., Moline, IL, U.S.A.). The weight
compositions of the fatty acids of the biodiesel made from
high-acid oil biodiesel through the supercritical-methanol
transesterification were analyzed by a gas chromatograph
(GC) accompanied by a Chromatography Data Management
system.

2.2. Analysis of Diesel Engine Performance. The
engine performance of the biodiesel manufactured through
supercritical methanol transesterification from high-acid oil at
varied molar ratios between 12 and 50 was analyzed using a
four-stroke diesel engine. The marine diesel engine (UMBD1
model, Isuzu Ltd., Yokohama-shi, Kanagawa, Japan) is a direct
compression-ignition, naturally aspirated, in-line four-cylinder,
and water-cooling type. The displacement volume, minimum
idle speed, and compression ratio of the diesel engine are 3856
cc, 500 rpm, and 17, respectively. The direct injection pressure
of the liquid fuel to the combustion chamber is 150 bar, and
the injection timing is 13◦BTDC (before the top dead center).
The injection pressure and injection timing remained unvaried
when different test fuels were used in this study. An eddy-
current dynamometer was aligned with the transmission shaft
of the diesel engine to regulate the engine output torque. The
maximum engine output power is 277.3 N·m, and the brake
horsepower is 120 kW.

An engine dynamometer control system was used to regulate
the engine speed, torque, and throttle opening. The control
system was also used to install various test modes, such as
modes of constant engine speed or constant engine torque. A
safety alarm was set up to alert for low lubricating pressure or
insufficient cooling water. The engine characteristics such as
fuel-air equivalence ratio Φ, fuel conversion efficiency η, fuel
consumption rate, bsfc, etc. were analyzed. The mean value of
each result was obtained by repeating each experiment 3 to 5
times. The uncertainties and accuracies of the experimental
data were calculated based on the evaluation methods
described by Sonthalia and Kumar.32 Chauvenet’s criterion
was first used to determine if some data points can be rejected.
When the ratio of maximum deviation to standard deviation is
lower than some assigned value corresponding to the number
of readings,33 of the data points are considered outliers that do
not fit with expectations and can be eliminated from other
gross experimental data. The uncertainties of the exhaust gas
temperature, brake-specific fuel consumption (bsfc), fuel
conversion efficiency, excess air ratio, equivalence ratio,
peroxide, kinematic viscosity, carbon residue, and heating
value were 3.73%, 4.56%, 4.09%, 5.38%, 3.41%, 2.32%, 3.26%,
5.24%, and 4.18%, respectively.

3. RESULTS AND DISCUSSION
3.1. Elemental Compositions. The comparisons of the

elemental compositions among the present biodiesel from
high-acid oil, the commercial biodiesel produced under
atmospheric pressure, and the super-low sulfur diesel
(SLSD) are revealed in Table 1. About 10 wt % less of the

elemental carbons of the present biodiesel made from the M/
O equal to 42 and the commercial biodiesel than that of the
super-low sulfur diesel (SLSD) were shown. Singh et al.34

proposed that the physicochemical properties of biodiesel are
influenced by the elemental compositions of its FAME
compounds. Afif and Biradar35 found that less carbon content
of the Cannabis sativa seed-oil biodiesel than fossil diesel
caused a reduction of HC, CO, and CO2 emissions. It followed
that the biodiesels had lower heating values than SLSD36 due
to their lower elemental carbon. In contrast, the biodiesel had
about 10 wt % more elemental oxygen so that its burning
efficiency was enhanced in comparison with that of the SLSD.
Ulusoy37 observed that the combustion efficiency, the amounts
of soot, and particulate matter (PM) emissions from burning
the used cooking oil-biodiesel were lower than the diesel
primarily due to the biodiesel’s relatively higher oxygen
content. He also considered that the unsaturation degree of
biodiesel was significantly affected by the elemental oxygen of
the biodiesel. The biodiesel made in this supercritical methanol
study appeared to have the least elemental hydrogen in Table
1. Wang et al.38 considered the effects of atomic H/C ratio,
copyrolysis reactor design, feedstock mixtures, the mass ratio
of feedstock to the catalyst, etc. on the heating value,
proximate, and elemental compositions, and product yields.
They proposed that the atomic H/C ratio played a pivotal role
in assuring the heating value of biofuels. In addition, the
increase of the H/C ratio from 1.25 to 1.47 can improve the
heating value. The biodiesels made through the supercritical
methanol transesterification from high-acid oil under various
M/O conditions were fueled in a diesel engine to analyze their
engine performance.

After comparing the physicochemical properties of the
biodiesels made from various M/O, the biodiesel from the

M/O molar ratio equal to 42 was found to have the most
adequate fuel properties. The biodiesel made from the M/O
molar ratio was primarily composed of 38.91 wt % oleic acid
(C18:1), 25.38 wt % linoleic acid (C18:2), and 22.21 wt %
palmitic acid (C16:0). The unsaturated fatty acids accounted
for 67.12 wt %. The fuel properties of the biodiesel from high-
acid oil and super-low sulfur diesel (SLSD) were compared in
Table 2. The biodiesel was observed to leave a carbon residue
of larger diameters after its burning than that of SLSD due to
its larger gum and impurity contents. A lower peroxide value
(PV) indicates a lesser extent of lipid oxidation, which is
essential to refrain lipids from oxidation and quality
deterioration in turn. Peroxide value can thus be used to

Table 1. Comparison of Elemental Compositions of the
Biodiesel with Other Biodiesel and Super-Low Sulfur Diesel
(SLSD)

Elements
(wt %) SLSD

Biodiesel from waste
cooking oil

Present
biodiesel

C 87.22 ± 1.57 77.12 ± 1.39 77.71 ± 1.40
H 14.06 ± 0.32 12.69 ± 0.29 12.41 ± 0.28
N 0.05 ± 0.002 0.08 ± 0.003 0.08 ± 0.003
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monitor the lipid quality during its storage period. Lipid and
other biomaterials are prone to autoxidation which is initiated
with free-radical chain reaction.39 The biodiesel was found to
have a larger kinematic viscosity than SLSD due to its more
viscous compounds of fatty acids. However, the carbon residue
of the high-acid oil biodiesel is lower than that of SLSD due to
its lower elemental carbon and larger oxygen content.
Moreover, this also caused the present biodiesel to have the
lowest heating value (39.55 MJ/kg) among those three fuels in
Table 1. The biodiesels were further compared with super-low
sulfur diesel (SLSD) and commercial biodiesel for their engine
characteristics. The engine test was carried out under a preset
engine torque and varied engine speeds. The experimental
outcomes of the engine analysis are discussed below.

3.2. Exhaust Gas Temperature. The exhaust gas
temperatures from the diesel engine powered with the sample
fuels were compared in Figure 1. The increase in the engine

speed resulted in a nearly linear increase in the exhaust gas
temperature. This was because the amount of atomized fuel,
equivalence ratio value, and engine output power were raised
with an increase in the engine speed. The higher engine speed
also reduced the heat loss time to the engine surroundings,
resulting in a higher burning gas temperature inside the engine
cylinder. In consequence, the exhaust gas temperature
increased accordingly. The higher exhaust gas temperature
fueled with biodiesels than super-low sulfur diesel (SLSD) was
also observed in Figure 1. Cihan40 also found that the use of
biodiesel containing high oxygen compounds as engine fuel
would enhance the combustion rate, shorten the ignition delay,
and facilitate the fuel pyrolysis, leading to the increase of
exhaust gas temperature. The biodiesel produced from the
present supercritical methanol transesterification was found to
achieve a peak exhaust gas temperature in comparison with
those of commercial biodiesel and SLSD. In contrast, SLSD
had the lowest exhaust gas temperature. The results conformed

well to those of Elkelawy et al.41 This is ascribed to the about
10 wt % oxygen in biodiesel would enhance the reaction rate of
the fuel, resulting in higher burning efficiency and higher
exhaust gas temperature in turn. Chuah et al.42 and Zhang et
al.43 also observed that a larger blending percentage of
biodiesel in diesel fuel caused higher brake-specific fuel
consumption (bsfc) and exhaust gas temperature while
lowering brake engine power and engine torque.

The exhaust gas temperature and brake-specific fuel
consumption (bsfc) could be increased if the waste oil methyl
ester was added with C3 or C4 alcohol such as propanol or n-
butanol.44 Abed et al.45 compared the diesel engine emissions
from a diesel engine fueled with waste cooking oil, Jatropha,
algae, and palm oil. They considered that various emission
results among those biodiesels from various feedstocks might
be ascribed to different chemical structures of fatty acids and
varied fuel properties such as the density, kinematic viscosity,
cetane number, and heating value.

3.3. Brake-Specific Fuel Consumption (bsfc). Brake-
specific fuel consumption (bsfc) is expressed as the rate of fuel
consumption required (ṁf) per engine power output (Pb). Bsfc
is formulated below:

· =
m
P

Bsfc (g/kW h)
(g/h)

(kW)
f

b (1)

where Pb is the brake engine power and ṁf is the mass rate of
fuel consumption in g/h. A higher bsfc indicates that a larger
mass rate of liquid fuel is required to produce the same engine
power output and hence is not favorable for engine operation.
Heating value, specific gravity, and viscosity are the primary
factors46 to determine the bsfc value of a fuel. Biodiesel has
about 10% less heating value than that of SLSD. Hence, those
two biodiesels were shown to have higher bsfc than the SLSD
in Figure 2. Rajak et al.47 found that the SMB20 biodiesel

which is composed of 20% spirulina microalgae biodiesel and
80% diesel fuel appeared to have lower engine torque,
mechanical efficiency, and NOx emission by 5.7%, 5.5%, and
4.96%, respectively than the neat diesel fuel due to the lower
heating value of the former fuel. Razzaq et al.48 observed the
increase of biodiesel blend percentage with high-speed diesel
(HSD) from B10 (i.e., 10% biodiesel blended with 90% diesel)
to B50 would raise the bsfc significantly by 141%. The
biodiesel produced through supercritical methanol trans-
esterification from high-acid oil was found to obtain the
highest while the SLSD reached the lowest bsfc because of

Table 2. Comparison of Fuel Properties of the High-Acid
Oil Biodiesel and Super-Low Sulfur Diesel (SLSD)

Fuel properties SLSD Present biodiesel

Peroxide value (meq/kg) N.A.a 13.45 ± 0.31
Kinematic viscosity (mm2/s) 3.66 ± 0.12 5.2 ± 0.17
Carbon residue (wt.%) 1.11 ± 0.06 0.25 ± 0.02
Heating value (MJ/kg) 45.34 ± 1.87 39.55 ± 1.65

aNot available.

Figure 1. Comparison of the exhaust gas temperature of the biodiesels
from present high-acid oil and waste cooking oil and super-low sulfur
diesel.

Figure 2. Comparison of the brake-specific fuel consumption (bsfc)
of the biodiesels from present high-acid oil and waste cooking oil and
super-low sulfur diesel.
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their various heating values among those three fuels. Fuel such
as the present biodiesel, which bears with lower heating value,
required a higher mass rate of fuel consumption to achieve the
identical power release, and hence larger bsfc values appeared.
The relatively higher viscosity of the biodiesels than SLSD fuel
could cause clogging of fuel nozzles and poorer atomization,49

leading to a slight increase of bsfc.
The higher engine speed rendered the reduction of bsfc for

the three test fuels. The increase in the engine speed caused
the increase in the engine brake power due to the rise in engine
efficiency.50 The variation of the mass fuel consumption rate
with the engine speed was lower than the corresponding
increase of the engine power. In consequence, the bsfc was
found to be reduced with the engine speed in Figure 2.
Gowrishankar and Krishnasamy51 also observed that the
increase of engine speed or load led to an obvious decrease
of bsfc due to the enhancement of brake engine efficiency.
Gülüm52 observed that either the increase of compression ratio
or decrease of the biodiesel blending ratio in diesel fuel
resulted in higher brake effective power and lower bsfc.

3.4. Fuel Conversion Efficiency. The ratio of the engine
brake power per heat supply rate from fuel burning for each
engine cycle is defined as the fuel conversion efficiency ηf.

53

The fuel conversion efficiency can be expressed as follows:

= =
· × ( )

P
m Q Q

3600 (kW)

bsfc (g/kW h)
f

b

f HV HV
MJ
kg (2)

in which Pb is the brake power output, ṁf is fuel mass
consumption rate, and QHV is the high or low heating value.
The higher engine speed caused the rise of the engine
operating efficiency54 and thus increased the fuel conversion
efficiency. The decrease in bsfc was found to cause the
corresponding increase in the fuel conversion rate with the
increases in engine speed after comparing Figure 2 with Figure
3. Sabapathy et al.55 studied the effects of fuel additives of 5%

diethyl ether (DEE) and 2000 ppm butylated hydroxyltoluene
(BHT) in the palm kernel oil (PKO) biodiesel on combustion
processes and engine performance. They found that the
biodiesel added with the additive mixture would promote fuel
spray and atomization, leading to enhancing brake thermal
efficiency by 4.6% and reducing NOx and black smoke
emissions by 19.4% and 11.5%, respectively.

The biodiesels were observed to have higher fuel conversion
efficiencies than the SLSD56 mainly because of their higher

oxygen contents for enhancing the burning efficiency, resulting
in higher fuel conversion efficiency. The result conformed well
with Temizer et al.57 which indicated the higher fuel
conversion efficiencies accompanied by the higher biodiesel
blend percentage in diesel fuel ascribed to the combustion
enhancement of biodiesel. The commercial biodiesel through
strong alkaline-catalyst transesterification was shown to have a
relatively higher fuel conversion efficiency than the present
biodiesel primarily owing to the somewhat lower heating value
of the latter biodiesel. In addition, the turbulence extent of the
burning gas increased at higher engine speeds to facilitate more
mixing degrees58 between the injected liquid fuel particles and
reacting air and thus increased the burning efficiency. Hence,
the fuel conversion efficiency of those test fuels approached
together at larger engine speeds than 1800 rpm, as observed in
Figure 3. The blend of diesel or biodiesel fuel with some
adequate additives might enhance combustion characteristics.
Zhao et al.59 considered that polyoxymethylene dimethyl
ethers (PODEn) are promising diesel additives to improve
combustion and emissions of diesel engines. They found that
diesel blended with PODEn might effectively improve the fuel
conversion efficiency by 3.29%.

3.5. Excess Air Ratio. The excess air ratio of the exhaust
gas was analyzed by a gas analyzer. The excess air ratio is
defined below:60

= =
m m

m

n n

n
Excess air (%)

100( ) 100( )a as

as

O O (s)

O (s)

2 2

2

(3)

where ma, mas, nO2, and nO2(s) denote the actual air mass,
stoichiometric air mass, actual molar number of oxygens, and
stoichiometric molar number of oxygens, respectively. The
excess air ratio was observed to increase with the rise of the
engine speed when the speed was varied from 800 to 1000
rpm. This is probably ascribed to that the rate of inlet air mass
flow increased slightly with the engine speed while the bsfc
remained nearly unchanged in Figure 2, leading to the larger
excess air ratio at higher engine speed. Malatak et al.61 found
that the value of excess air ratio influenced the exhaust gas
temperature and emissions of CO, NOx, and PM (particulate
matter), etc. The increase in excess air ratio was also observed
to be accompanied by the decrease in in-cylinder pressure and
the heat release rate.62

The excess air ratio was thereafter decreased with the
increase of the engine speed after the speed was increased from
1000 rpm. This is because the diesel engine was ignited by the
diffusional mixture of inlet air and injected liquid fuel at high
temperature and pressure in the combustion chamber. The
combustion occurred after sufficiently mutual diffusion
between the compressed air and injected diesel.63 Hence, a
low fuel consumption rate was sufficient at lower engine
speeds, leading to a higher excess air ratio. In contrast, higher
engine speed caused a larger consumption rate of diesel fuel
and a higher amount of reacting air.64 The excess air ratio was
thus decreased in the exhaust gas. The biodiesel contained
about 10 wt.% oxygen. Hence, lower air consumption was
required for the biodiesels in comparison with SLSD.65 The
biodiesel made from waste cooking oil by traditional strong
alkaline catalysts under atmospheric pressure contained more
elemental oxygen than the biodiesel produced in this study. In
consequence, the former biodiesel produced a larger excess air
ratio than the present biodiesel in Figure 4. Attia et al.66 also

Figure 3. Comparison of the fuel conversion efficiency of the
biodiesels from present high-acid oil and waste cooking oil and super-
low sulfur diesel.
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proposed that the higher biodiesel proportion in the diesel fuel
mixture led to a higher excess air ratio in the exhaust gas.

3.6. Fuel−Air Equivalence Ratio. The equivalence ratio
(Φ) is expressed below:67

= m m m m( / ) /( / )F A actual F A stoichiometric (4)

in which mF/mA denotes the mass fuel (F) to mass air (A)
ratio, and the subscripts actual and stoichiometric represent
actual and stoichiometric mass ratios. Φ < 1 and Φ > 1 indicate
fuel-lean and fuel-rich burning conditions, respectively.

The excess air ratio can be related to the equivalence ratio
based on the following equation:

= +1/(excess air ratio 1) (5)

This implies that the excess air ratio is inversely proportional
to the equivalence ratio in eq 5.68 The excess air ratio or
equivalence ratio value would influence the burning efficiency,
flame temperature, and combustion products of a fuel
sample.69 The equivalence ratio was observed to increase
when the engine speed was increased under a constant engine
torque in Figure 5. This is ascribed to that the diesel engine is

operated frequently under a fuel-lean state70 in which an
equivalence ratio is less than 1. The rise in engine speed
needed more injected fuel mass into the engine cylinder to
sustain the engine operation, resulting in the rise of the
equivalence ratio when the engine speeds were increased for
those three test fuels in Figure 5.

Biodiesel is an oxygen-rich fuel, which contains about 10 wt.
% oxygen. The required air consumption during the engine
operation was thus reduced in comparison with SLSD,71

leading to a higher excess air ratio and lower equivalence ratio
for the biodiesels. Moreover, the biodiesel made through
supercritical methanol transesterification from high-acid oil
had a heating value lower than that of the commercial biodiesel
made through atmospheric pressure transesterification. It
followed that a greater amount of the former biodiesel was
needed to achieve the identical engine power output. Hence,
the biodiesel made from the present study appeared to have a
larger equivalence ratio than that of the commercial biodiesel
in Figure 5. Gad et al.72 observed that the higher biodiesel
blending percentage in diesel fuel mixture resulted in a larger
fuel-air equivalence ratio because the biodiesel had lower
heating value and larger fuel consumption in comparison with
SLSD.

4. CONCLUSIONS
The biodiesel was produced from the high-acid oil of soybean
soapstock with inferior fuel quality through supercritical
transesterification. The biodiesel from the degraded raw oil,
commercial biodiesel, and super-low sulfur diesel (SLSD) were
used to perform the engine characteristics. The major findings
obtained from this study are summarized below.

1. The biodiesel made from the inferior feedstock oil
through the supercritical reaction at methanol to high-
acid oil molar ratio (denoted as M/O) equal to 42 was
found to have the optimum fuel properties. The
biodiesel had a lower heating value than SLSD due to
the lower elemental hydrogen and carbon of the former
fuel.

2. The increase of the engine speed caused the increase of
the exhaust gas temperature, and equivalence ratio while
decrease of the brake-specific fuel consumption (bsfc)
and excess air ratio (%).

3. The biodiesel made from degraded high-acid oil through
the present supercritical transesterification appeared to
have a higher bsfc.

4. The biodiesel was observed to have higher exhaust gas
temperature, excess air ratio, and lower equivalence
ratio, than SLSD.
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■ NOMENCLATURE
Bsfc Brake-specific fuel consumption
BTE Brake thermal efficiency
CO Carbon monoxide
FAME Fatty acid methyl esters
FFA Free fatty acids
HSD High-speed diesel
M/O Methanol to high-acid oil molar ratio
ma Actual air mass
mas Stoichiometric air mass
ṁf Fuel mass consumption rate
mF/mA Mass fuel (F) to mass air (A) ratio
Pb Brake power output
PM Particulate matter
PV Peroxide value
NOx Nitrogen oxides
nO2 Actual molar number of oxygens
nO2(s) Stoichiometric molar number of oxygens
QHV High or low heating value
SLSD Super-low sulfur diesel
ηf Fuel conversion efficiency
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