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Abstract

of this fuel.

and NO concentration showed a positive correlation.

Background: This study aims to measure the output torque and analyze the exhaust elements of a small diesel
engine that use the diesel fuel mixed with waste cooking oil to validate the driving and environmental characteristics

Methods: The fuel used was diesel fuel mixed with 15% of waste cooking oil, a small quantity of additives and was
produced with no complicated refining process (WCO15). Continuous driving experiments were conducted for
90 min with it and the results were compared with the data obtained with pure diesel fuel (WCOOQ).

Results: As for the engine driving characteristics, engine speed, output torque, and fuel consumption were meas-
ured. As for the exhaust, a statistical analysis was conducted on temperature, O,, CO,, NO, and NO,.

Conclusions: As a result, the torque of WCO15 was 65.6% in comparison with WCOQO at the engine speed of
3600 rpm. In either fuel, the O, concentration and temperature of exhaust showed a negative correlation, while CO,

Keywords: Diesel engine, Waste cooking oil, Torque, Brake power, Exhaust

Background

During the last century, mankind has continued to
develop products of high energy efficiency and low
consumption. As the issue of climate changes is a
worldwide problem, however, people seek better energy
efficiency, emphasizing the need to produce fuel that
would not negatively affect our natural environments
(Venkanna and Venkataramana Reddy 2012; Subrama-
nian and Lahane 2013). There are existing studies that
evaluated vegetable oil or waste cooking oil as a new
energy source for fuel and various measures were taken
accordingly. However, a number of alternative fuels in
use of new vegetable oil involve problems such as high
freezing point, low efficiency to costs due to the small-
scale farming area for small country (Hill et al. 2006;

*Correspondence: sato@bio.mie-u.acjp

! Department of Environmental Science and Technology, Graduate
School of Bioresources, Mie University, 1577 Kurimamachiya-cho, Tsu City,
Mie Prefecture 514-8507, Japan

Full list of author information is available at the end of the article

@ Springer Open

and indicate if changes were made.

de Gorter and Just 2010; Mythili et al. 2014). Moreo-
ver, the vegetable oil, extracted from the farm products
using the same cultivated lands and growing methods
as food for human or feed for animals, has caused vari-
ous economical problems (Runge and Senauer 2007).
Especially in view of developing countries where food
shortage is a major issue exist, utilizing agricultural
products as a fuel resource causes another humani-
tarian problems. Furthermore, as the research on
making vegetable oil progresses, the prices of related
agricultural products increase and the effects to the
cost decrease. Hence, it is expected to take a longer
period of time from the step of research to the point of
commercialization (Mitchell 2008).

Accordingly, many researches are actively conducted
on the use of waste cooking oil, which was already
used once in cooking, for the resource in manufactur-
ing soap, fuel, etc. Since waste cooking oil contains
a high level of calorific value, it can be utilized as an
alternative energy resource for fossil fuel, which also
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would contribute to reducing the workload for dis-
posal of waste cooking oil (McHenry 2012). In particu-
lar, it is reported that the existing disposal process of
waste cooking oil causes serious negative effects on
water quality (Hunter et al. 1997). As of 2009, vegeta-
ble oil is produced as much as 144,162 kt around the
world and consumed as much as 11.5 kg per person
in a year. When it is converted to the calorific value,
1159 J (277 kcal) is consumed a day (FAO 2009). In
Korea, for instance, the consumption of vegetable oil
is around 1000 kt that the amount of waste cooking
oil is about 200 kt, only 40% (80-100 kt) of which is
collected and recycled. The rest of the waste cooking
oil is treated as general waste. When 20 ml of waste
cooking oil is disposed through the sewage without
proper treatment, it generates 5 ppm of BOD. In this
case, about 4000 1 of water per 20 ml is required to
dilute it. Especially in many Asian countries where the
use of vegetable oil is common, it is of great urgency to
seek a way to treat vegetable oil. Since the amount of
calorific value of waste cooking oil is 33.3-35.7 MJ/1 ],
how to utilize it is also an important challenge (Gel-
fand et al. 2010).

According to Utlu and Kocgak (2008), in an engine driv-
ing experiment in use of waste cooking oil with the revo-
lution rate constant, the engine torque and NO, were
almost the same, CO decreased as much as 17%, fuel
consumption and CO, increased as much as 14 and 8%
respectively in comparison with diesel fuel.

According to Ghobadian et al. (2009), an engine driv-
ing experiment was conducted in use of biodiesel whose
0-50% is waste cooking oil in addition to pure diesel fuel.
Based on the resulting data, a method to evaluate the
characteristics was developed by means of an artificial
neural network. As a result, it turned out that in terms
of engine output and torque, waste cooking oil and diesel
fuel had no significant difference.

This study aims to measure the output torque and ana-
lyze the exhaust elements of a small diesel engine that
use the diesel fuel mixed with waste cooking oil to vali-
date the operational and environmental characteristics of
this fuel. The fuel used was diesel fuel mixed with 15% of
waste cooking oil, a small quantity of additives (WCO15)
and was produced with no complicated refining process.
We used waste rapeseed oil as the waste cooking oil for
the blend oil with conventional diesel fuel. The manufac-
turing process of this mixed fuel is simple compared to
biodiesel that requires esterification, and thus it is pos-
sible to mix the additional element with the existing fuel
at the site where it would be used. Only by adding a small
quantity of additives, waste cooking oil had not been sep-
arated from diesel oil.
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Methods

Experimental set-up

As shown in Fig. 1, the engine driving device used in the
experiment consists of the diesel engine, the dynamom-
eter, and exhaust measuring unit. The experimental
engine is L40ASS of Yanmar Co. and the dynamometer
is MB302/5-BD of Toyodenki Co. respectively. The major
specifications are presented in Tables 1, 2.

Materials

Fuels to be compared are WCOO0 and WCO15, whose
major specifications are presented in Table 3. Additive
composed mainly with oleic acid was blended to pre-
vent the separation of cooking oil from diesel fuel. The
property of the blended fuel was measured as shown in
Table 4.

Experimental procedure

The temperature and relative humidity of the experi-
ment environment were 28° and 70% respectively. The
engine was warmed up for 30 min before the 90 min

system
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Table 1 Specifications of the diesel engine

Properties Units Remarks

Name Yanmar Co. air cooling type
diesel engine L-A type series
L40ASS

Engine type Vertical type air cooling 4 cycle
diesel engine

Fuel system Direct injection type

Number of cylinder 1
Internal diameter of cylinder ~ mm 68

Stroke of cylinder mm 55

Total stroke volume of cylinder | 0.199

Brake power
Maximum kw 3.1
Continuous rating kw 2.8

Output shaft
Rated speed rom  Cam shaft: 1800, Crankshaft:

3600

Fuel
Injection pressure MPa  19.6
Fuel oil of application JIS 2 light oil
Fuel tank capacity 2.5

Lubricating
Lubricating system Lubrication trochoid pump

Apply lubricant SAW 10 W 30, CC level above

Table 2 Specifications of the dynamometer

Properties Unit Remarks
Name Toyodenki Co. A-S motor
dynamometer
Type Three-phase shunt wound motor
(MB302/5-BD)
Output kW 0.185-3.7
Rev. speed rom  150-3000
Current A 15
Voltage \Y 220
Frequency Hz 60
Secondary current A 27
Commutator direction brush 8 X 16 x 32-24
Rating
Consecutively rom  1000-3000
Th 150-998

Table 3 Mixture of diesel fuel ratio of fuels
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driving experiment through which the engine driving
characteristics and exhaust elements were measured.
Data sampling was conducted at every minute. Since the
experimental engine had a speed governor, the speed set-
ting was adjusted to the full so that the rated revolution
per minute of the crank shaft could be maintained to
the level of 3600 rpm, with the load of the dynamometer
manually controlled. The engine speed was measured by
means of the revolution indicator TDP-3321A-E (Coco
Research Co.). The torque at the cam shaft of the engine
was measured by means of the dynamometer. For the
measurement of exhaust temperature, O,, CO,, NO, NO,
and NO,, HT-2300 (HODAKA Co.) was utilized.

Statistical analysis of measured data
Each fuel combustion experiment lasted for 90 min, dur-
ing which the engine rpm changed a bit. Since the change
was insignificant, however, it was assumed that the regu-
lar distribution of the engine speed was constant for each
fuel over 3600 rpm. Thereafter, T-test was conducted to
verify the significance of difference in arithmetic means
values of the driving and exhaust characteristics of the
measured variables. As for other measurements, to
overview general tendency as well as the descriptive sta-
tistics for each fuel type, a hypothesis for a further sta-
tistical analysis, based on the bivariate correlation, was
established.

In addition, Eq. (1) was used to calculate the
brake power (kW) with the torque (Nm) from the
dynamometer.

Torque x 21 X Revolutions (rpm)

Brake power (kW) = 1000 x €0
X

(1)

The statistical analysis was conducted by means of IBM
SPSS V22 (2013).

Results
To comparatively evaluate variables, the values of Pear-
son correlation coefficient were calculated in a way of the
bivariate correlation analysis of the two fuels’ measure-
ments, which are presented in Table 5.

As for the O, concentration in the exhaust of each
fuel, it is in a negative correlation to CO,, NO,, torque,

Ratio of light oil (%) Ratio of waste cooking oil (%) Ratio of additives (%) Density (g/cm?)
Light oil: WCO0 100 0 0 0.86
Mixed fuel of waste cooking oil: WCO15 84 15 1 0.84
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Table 4 Ingredients of fuels

List Unit WCOo0 WCO015 Reference
Density (15 °C) g/cm? 0.86 0.84 JISK2249
Kinetic viscosity (40 °C) mm?/S 1.7 3.74 JIS K2283
10% residual carbon of residual oil (always pressure method) Mass% 0.1 1.9 JISK2270
Cetane index - 45 50 JIS K2280
Sulfur content Mass% 0.001 0.001 JIS K2541
Flash point (Pensky Martens closed method) °C 45 56 JIS K2265-3
Moisture mg/kg 495 483 JISK2275
Sulfated ash Mass% 0.01 0.01 JISK2272
Solid impurities mg/kg 13.1 139 EN 12662
Copper plate corrosion (50 °C, 3 h) 1 1 JISK2513
Oxidative stability - 0 0 EN14112
Acid value mgKOH/g 0.12 2.30 JIS K0070
lodine value - 0 20.6 JISK0070
Fatty acid methyl esters Mass% 0 0 EN 14103
Linolenic acid methyl ester Mass% 0 0

Polyunsaturated fatty acid methyl ester Mass% 0 0

Monoglyceride Mass% 0.1 0.1 EN 14105
Diglycerides Mass% 0.1 0.1

Triglyceride Mass% 0.01 0.1

Free glycerol Mass% 0 0

All glycerin Mass% 0 0

Methanol Mass% 0.01 0.06 EN 14110
Metal (Na) mag/kg 0 0 EN 14538
Metal (K) ma/kg 0 0 EN 14538
Metal (Ca) mag/kg 0 0 EN 14538
Metal (Mg) ma/kg 0 0 EN 14538
Phosphorus mg/kg 0 0 EN 14107
Pour point °C —30 —18 JIS K2269
Clogging point °C —-19 —10 JIS K2288
Distillation characteristics 90% distillation temperature °C 330 351 JISK2254

and brake power, which indicates that the correlation
between the break power of a diesel engine and O, con-
centration is high. The CO, concentration in exhaust was
in a positive correlation to NO,, brake power, and torque.
This is because the consumption of O, generated CO,
and NO, and the energy conversion resulted in the cor-
responding brake power and torque. In addition, the NO,
concentration in exhaust was a sum of substances such as
NO and NO,, and thus it was in a “positive” correlation
to the CO, concentration. In this experiment, no correla-
tion was found between the control variable engine speed
(rpm) and other variables.

Based on the descriptive statistics above, the hypoth-
eses from [A] to [C] below were set for the further statis-
tical interpretation, the correlation between parameters
was analyzed, and the simple linear regression analysis
were made as follows:

A. There is difference in driving torque between engines
that use fuel WCOO0 and WCO15.

B. There are differences in exhaust elements between
engines that use fuel WCOO0 and WCO15.

C. In each engine that uses fuel WCOO0 and WCO15,
there are correlations between exhaust elements and
each torque.

To sum up, these are hypotheses that are to investigate
which kind of difference there are in torque and exhaust
elements using WCOO0 and WCO15 as fuel. As for the
rpm of engine used in the experiment, 3600 rpm was set
as the control variable, and the arithmetic mean values
and standard deviations were 3603.9 + 2.9 (WCOO0) and
3603.6 + 1.6 (WCO15) respectively. In T-test, the null
hypothesis that ‘“There is difference between WCOO0 and
WCO15 in engine rpm data’ was not within the range of
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Table 5 Bivariate correlation coefficients for the whole experimental variables
1. 2. 3. 4. 5. 6. 7. 8. 9.

1.rpm 1 —0.056 —0.059 0.059 0.079 0.050 0.070 0.083 0.084
2. Exhaust temperature 1 0.868** — 0.868** — 0.657** — 0.856** — 0.786** — 0.793** — 0.793**
3.0, 1 — 1.000%* — 0.805** — 0.988** — 0.934** — 0.938** — 0.938**
4.CO, 1 0.805** 0.988** 0.934** 0.938** 0.938**
5.NO 1 0.799%* 0.960%* 0.899** 0.899**
6.NO, 1 0.936** 0.931** 0.930**
7.NO, 1 0.962** 0.962**
8.Torque 1 1.000%*
9. Brake power 1
**<0.05,*p<0.1
significant difference of 5% (p = 0.321), and thus no dif-
ference in engine rpm between data sets was assumed in .
further data analyses.

The box plot of measurements of each fuel is presented
in Figs. 2, 3,4, 5,6,7,8 and 9. -

The arithmetic mean value and standard deviation of 1854
exhaust temperature of each fuel were 1269 £+ 1.9 °C g
(WCOO0) and 140.5 + 1.6 °C (WCO15) respectively. In o
comparison with WCOO, the exhaust temperature of
WCO15 increased as much as 10.7%. In T-test of this 1801 —
result, the null hypothesis that “There is no difference in
exhaust temperature between WCOO0 and WCO15” was
denied (p = 0.000). i

The arithmetic mean values and standard deviations of i WEoo Weo1s

Fuel Type

O, (%) concentration in exhaust were 18.0 = 0.0 (WCOO0)
and 18.7 + 0.0 (WCOI15) respectively, which indi-
cates that in comparison with WCOO, that of WCO15
increased as much as 3.9% (p = 0.000).

Fig. 3 Box plot diagrams of driving and exhaust characteristics [O,
emission (Unit: %)]
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The arithmetic mean values and standard deviations
of CO, (%) concentration were 2.1 + 0.0 (WCOO0) and
1.7 + 0.0 (WCO15) respectively, which indicates that in
comparison with WCOO, that of WCO15 decreased as
much as 19.1% (p = 0.000).

The arithmetic mean values and standard deviations of
NO concentration (ppm) were 47.5 + 1.9 (WCOO0) and
36.2 + 3.5 (WCO15) respectively, which indicates that in
comparison with WCOO, that of WCO15 decreased as
much as 23.8% (p = 0.000).

The arithmetic mean values and standard deviations of
NO, concentration (ppm) were 16.9 £+ 1.0 (WCOO0) and
5.7 £ 0.6 (WCO15) respectively, which indicates that in
comparison with WCOO, that of WCO15 decreased as
much as 66.3% (p = 0.000).
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The arithmetic mean values and standard deviations of
NO, concentration (ppm) were 64.4 + 2.0 (WCOO0) and
41.9 £ 3.6 (WCO15) respectively, which indicates that in
comparison with WCOO, that of WCO15 decreased as
much as 34.9% (p = 0.000).

The arithmetic mean values and standard deviations
of the engine torque (Nm) were 48.5 + 0.9 (WCOO0) and
31.8 £ 2.7 (WCO15) respectively, which indicates that in
comparison with WCOO, that of WCO15 decreased as
much as 65.6% (p = 0.000).

The arithmetic mean values and standard deviations
of the engine brake power (kW) in the combustion
experiment were 0.93 £ 0.02 (WCOO0) and 0.61 + 0.05
(WCO15) respectively, which indicates that in compari-
son with WCOO0, that of WCO15 decreased as much as
65.6% (p = 0.000).
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The correlations between torque and each of other
variables were examined in the distribution diagram of
WCOO0 and WCO15, and the results are presented in
Figs. 10, 11, 12, 13, 14 and 15 (Bluman 2013).

Discussion

Figure 3 shows that since WCOO has a higher engine out-
put than WCO15 and the O, concentration in exhaust
elements is lower, the combustion of WCOO is close to
complete combustion (Wei et al. 2003; Forson et al. 2004;
Agrawal et al. 2004; Virtanen et al. 2004; Li et al. 2005;
Wang et al. 2006). In general, with the engine speed
maintained constantly in the experiment, the torque was
in a “positive” correlation with NO and NO,, which is in
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correspondent to the existing studies. As for the corre-
lations between the torque and NO and NO,, this study
verifies that those of WCOO were stronger than those
of WCO15. Additionally, NO, emission from a vehicle
engine is viewed as an exhaust element that is decided
by the Air Fuel Ratio of the engine (Isomura and Nori-
matsu 1981; Nakagawa et al. 1991; Ben et al. 1999). The
NO, concentration in exhaust of a diesel engine tends to
increase as it is closer to complete combustion (Fig. 7).
When the combustion of an engine approaches a com-
plete combustion, the concentration of the NO, gener-
ally tends to become high, so vehicle engines sometimes
avoid the complete combustion intentionally to reduce
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NO, emission. In our experiments, there is a possibility
that complete combustion was suppressed by including
waste cooking oil to diesel fuel and as a result the emis-
sion of NO, was reduced. Primarily, waste cooking oil is
to be abandoned under appropriate treatment. This pro-
cess may evoke large burden to the environment in case
the treatment is not adequate. When such waste cooking
oil is employed as the ingredient of mixed fuel, it may be
able to reduce the environmental burden.

Based on the experiment results above, it is thought
that the waste cooking oil mixed fuel used in the study
can be used in the same manner with existing diesel fuel
although the brake power is inferior as shown in Fig. 8.
Exhaust characteristics, etc. are almost the same with
other fuels used in common diesel engines.

As for the major characteristics of WCO15 used in the
experiment, when the ratio of waste cooking oil in the
mixed fuel was 15%, there was no need to renovate the
engine (He et al. 2008). It is also advantageous in that the
initial expense is relatively low if recyclable elements are
more reasonable than diesel oil used in the fuel. Hence, it
is expected that this type of fuel can contribute to meet-
ing demands for eco-friendly and low-cost fuel in diesel
engines that do not require a high level of output. As
for the gain and loss, the comprehensive policies need
to be discussed with regard to the disposal cost of waste
cooking oil as well. Especially regarding specific envi-
ronmental suitability, such considerations as Life Cycle
Assessment and Risk Assessment need to be imple-
mented with the results fully reflected (Gravalos et al.
2009).

Conclusions

The driving characteristics and the exhaust elements of a
small diesel engine that uses the diesel fuel mixed with
waste cooking oil were measured. The fuel used was
diesel fuel mixed with 15% of waste cooking oil, a small
quantity of additives and was produced with no compli-
cated refining process. Continuous driving experiments
were conducted for 90 min with it. The results were com-
pared with the data obtained with pure diesel fuel.

In the experiment with the engine speed controlled
constantly, it turned out that the torque was in posi-
tive correlations with NO and NO,. As for correlations
between the torque and NO and NO,, it turned out that
those of WCOO were stronger than those of WCO15. The
engine brake power of WCOO was higher than that of
WCO15, and the O, concentration in exhaust elements
was lower, which indicates that the combustion of WCOO0
was closer to complete combustion. In general, with
the engine speed maintained constantly in the experi-
ment, the torque was in a “positive” correlation with
NO and NO,, which is in correspondent to the existing
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studies. As for the correlations between the torque and
NO and NO,, this study verifies that those of WCOO0
were stronger than those of WCO15. The NO, concen-
tration in exhaust of a diesel engine tends to increase as it
is closer to complete combustion.

As the result, the torque of WCO15 was 65.6% in com-
parison with WCOO at the engine speed of 3600 rpm.
In either fuel, the O, concentration and temperature of
exhaust showed a negative correlation while CO, and NO
concentration showed a positive correlation.

Based on the experiment results above, it is thought
that the waste cooking oil mixed fuel used in the study
can be used in the same manner with existing diesel fuel
although the brake power is inferior as shown in Fig. 8.
Exhaust characteristics, etc. are almost the same with
other fuels used in common diesel engines.

In conclusion, as for the characteristics of diesel fuel
mixed with waste cooking oil, when the mixing ratio of
waste cooking oil was about 15%, there was no need to
renovate the engine. It is thought, therefore, that this
type of fuel can contribute to meeting demands for eco-
friendly and low-cost fuel in diesel engines that do not
require a high level of output. As for gain and loss, the
comprehensive policies need to be discussed with regard
to the disposal cost of waste cooking oil as well.
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WCOQO: light oil (non-waste cooking oil); WCO15: waste cooking oil (waste
cooking oil 15% + light oil 84% + additives 1%); O,: oxygen; CO,: carbon
dioxide; NO: nitric oxide; NO,: nitrogen dioxide; NO,: nitric oxide and nitrogen
dioxide; rpm: revolution per minute.
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