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Abstract
Biodiesel is one of the most popular prospective alternative fuels and can be obtained from a variety of sources. Waste

frying oil is one such source along with the various raw vegetable oils. However, some specific technical treatments are

required to improve certain fuel properties such as viscosity and calorific value of the biodiesel being obtained from waste

cooking oil methyl ester (WCOME). Various treatments are applied depending on the source and therefore the composition

of the cooking oil. This research investigated the performance of WCOME as an alternative biofuel in a four-stroke direct

injection diesel engine. An 8-mode test was undertaken with diesel fuel and five WCOME blends. The best compromise

blend in terms of performance and emissions was identified. Results showed that energy utilization factors of the blends

were similar within the range of the operational parameters (speed, load and WCOME content). Increasing biodiesel

content produced slightly more smoke and NOx for a great majority of test points, while the CO and THC emissions were

lower.
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1 Introduction

Alternative fuel resources will play an important role in

replacing the dwindling world supply of fossil fuels.

Increasing industrialization and mechanization has led to a

steep rise in the demand for fossil fuel. As a result, limited

reserves and environmental degradation have mandated the

search for alternative fuels (He et al. 2010), which are

gaining worldwide acceptance as a partial solution to the

problems of environmental degradation, energy security,

import restrictions, rural employment and agricultural

economy. Generally, different ratios of biodiesel are

blended with fossil fuel for use in diesel engines, which are

recognized for energy generation and are a power source

providing higher efficiency and ruggedness in the field of

transportation. One of the biodiesel sources is waste

cooking oil methyl ester (WCOME). WCOME presents a

twofold gain, as it can provide benefits both as an envi-

ronmental strategy for municipalities as well as for the

safeguarding of human health due to the lowered gas

emissions. Arslan (2011) and Hamasaki et al. (2001) stated

that biodiesel could be used as an alternative fuel instead of

existing conventional diesel engines without requiring any

modifications. Compared to conventional fossil diesel fuel,

biodiesel provides significant reductions in particulate

matter (PM) emissions (Canakci and Van Gerpen 2003;

Lapuerta et al. 2008; Tat 2003), carbon monoxide (CO)

emissions (Mittelbach and Tritthart 1988) and total

hydrocarbon (THC) emissions (Payrı et al. 2005). The

performance of biodiesel-fueled engines is better than that

of diesel-fueled engines in terms of thermal efficiency,

brake-specific energy consumption, and smoke opacity,

wear of vital components and exhaust emissions for an

entire range of operations (Agarwal and Das 2001). These

findings are supported by researchers who observed similar

behavior for all biodiesel blends with fuel of various
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origins (Cetinkaya et al. 2005; Felizardo et al. 2006;

Mangesh and Dalai 2006; Ulusoy et al. 2004). Gopal et al.

(2014) have observed that there is significant reduction in

CO, unburned HC and smoke emissions for biodiesel and

its blends compared to diesel fuel. However, NOx emission

of WCO biodiesel is marginally higher than of petroleum

diesel.

Many studies have been conducted on the use of alter-

native input products such as rape seed and soybean

WCOME in the production of biodiesel for use in diesel

engines (Altıparmak et al. 2007; Felizardo et al. 2006;

Kaplan et al. 2006; Mangesh and Dalai 2006; Nachid et al.

2015; Selvan and Nagarajan 2013; Ulusoy et al.

2004, 2016). The performance and smoke results obtained

from an electricity generator engine operating on WCOME

showed that the smoke reduction, compared to that of

conventional diesel fuel, was around 60% for B100 (100%

biodiesel) and around 25% for B20 (20% biodiesel)

(Cetinkaya and Karaosmanoglu 2005). Dorado et al. (2003)

conducted an 8-mode test using waste olive oil in a four-

stroke, three-cylinder, direct injection, 34 kW engine and

results showed that 8.6% reduction in CO2, a 58.9%

reduction in CO and a 57.7% reduction in SO2 emissions.

However, increases of 8.5% and 32% were observed in

specific fuel consumption and NOx emissions, respectively.

Murillo et al. (2007) tested a four-stroke diesel outboard

engine running on conventional diesel, conventional diesel

blended with 10%, 30% and 50% biodiesel derived from

WCOME and pure biodiesel. The biodiesel blends proved

to be environmentally friendly alternatives to conventional

diesel fuel. They noticed reductions in power of approxi-

mately 5% with B10 and B30, and 8% with B50 and B100.

Despite the positive performance tendencies of WCOME

mentioned above, contradictory results have also been

reported. Lin et al. (2007) found sharp increases in both

NOx and particulate emissions when WCOME was used.

In this study, we investigated the performance of

WCOME as an alternative biofuel in a four-stroke, four-

cylinder, direct injection diesel engine. The test was carried

out in compliance with ISO 8178-C1 8-modes test cycle as

commonly applied for off-road engine applications.

Emission results, besides the engine characteristics, are

reported as instantaneous pollutant concentrations (in ppm

or %) and cumulative values determined based on weighted

average modal pollutant values in g/kW-h.

2 Materials and methods

2.1 Test fuel

Diesel fuel (D2) and a set of blends of diesel with WCOME

were used in this research. D2 was used as the reference

fuel. The WCOME–diesel blends included B10, B20, B30,

B40 and B50 (according to WCOME, %). Test fuel spec-

ifications are shown in Table 1.

The experiments were carried out in the Research and

Development department of the Türk Traktör ve Ziraat

Makineleri Co. in Turkey. Throughout the tests, WCOs

from industrial sources in the Marmara region were used.

To eliminate the effects of fuel composition on the mea-

sured emission levels, low-sulfur diesel fuel (maximum

sulfur content 50 ppm) was used as a reference fuel in the

experiments.

2.2 Experimental setup

The engine test laboratory provided a complete system for

measuring all parameters relating to diesel engine perfor-

mance and exhaust gas emissions analyses. The experi-

mental system consisted of an AC dynamometer and a

HORIBA MEXA-7100D emission measuring system.

A HORIBA MDLT-1300 partial-flow mini-dilution tunnel

was used for PM measurement. Figure 1 gives a schematic

layout of the experimental system used. Descriptions of the

test devices are given in Table 2, and the engine specifi-

cations are summarized in Table 3.

2.3 Test methods

The engine was run for a preliminary period until the

cooling water and oil reached stable temperatures. This

stabilization typically took 30 min. After warming up, the

test conditions were set and the engine was allowed to

reach a steady state before any data were taken. Emissions

were measured according to the regulatory test procedures

Table 1 Specifications of test fuels

Properties WCOME D2 (diesel)

Density at 15 �C, kg/m3 884.8 815

Kinematic viscosity at 40 �C, mm2/s 5.605 2–4.5

Flash point, �C 160.5 58

Heating value, kJ/kg 39,560 43,350

Pour point, �C - 4 - 33

Cetane number 45–48 55

İodine value 54

Phosphorus, mg/kg \ 0.1

Methanol, wt% 0.01

Monoglycerides, wt% 0.66

Diglycerides, wt% 0.62

Triglycerides, wt% 0.01

Free glycerol, wt% 0.02

Total glycerol, wt% 0.28
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necessary to verify and ensure compliance with the

required standards. In many countries, including the USA,

the EU and Japan, for off-road engine applications, those

procedures are carried out in accordance with the ISO

8178-C1 standard specified in the 97/68/EC directive. This

standard requires a sequence of steady-state 8-mode tests

performed on an engine dynamometer. Each mode repre-

sents a combination of different speed and load conditions

with different weighting factors. This test cycle was

intended to create repeatable emission measurement con-

ditions and to correspond to the simulation of a real driving

condition for a given application.

Prior to each test, the particulate tunnel and sampling

system were conditioned at 55–60 �C to ensure that any

unburned deposits resulting from running at light load were

burned off and that defined conditions were repeat-

able from test to test.

Exhaust emissions were normally measured for each test

mode on a volume basis. The exhaust emissions tests were

calculated as a weighted average. The final emission results

were stated in g/kW-h (grams of pollutant per unit of

mechanical energy delivered by the engine). Test modes

and weighting factors for this test cycle are given in

Table 4. The average integrated value for the test cycle was

determined by means of the weighting factor for each

mode.

3 Results and discussion

A set of typical performance curves showed that apart from

the percentage of WCOME in the blends, there was no

unusual difference in the performance indicators, except

for the emission parameters.

Fuel tank

AC dynamometer Diesel engine

Water cooling tower

Computer control

Air flowmeter

Mixer

AVL Fuel conditioning
unit & fuel meter

Combustion air
conditioning

unit

Horiba
MEXA-7100
gas analyser

Horiba
MDLT-1320

particulate analyser

AVL
smoke meter

Fig. 1 Schematic layout of the experimental system

Table 2 Technical details of measurement systems

Test equipment Type

Dynamometer A/C dynamometer (215 kW)

Torque measurement Load cell with digital readout

Fuel flow measurement AVL 733 S dynamic fuel meter

Smoke AVL 415 sampling smoke meter

Air flow meter Cussons laminar air flow meter

Pressure Digital pressure transducers

Temperatures NiCr–Ni thermocouples

Gas emissions HORIBA MEXA-7100D

CO, CO2 AIA-721A

O2 MPA-722A

HC FIA-725A

NOx CLA-725 A

Particulate HORIBA MDLT-1300

Table 3 Specifications of the test engine

Engine model Natural aspiration

Type 4 stroke–4 cylinder

Bore 9 stroke 84 mm 9 100 mm

Volume 2216 cm3

Compression ratio 22.5:1

Nominal speed 2800 rpm

No load high idle speed 3000 rpm

Max. power 48 HP (2800 rpm)

Max. torque 135 (1800)

Fuel injection pump BOSCH in-line type
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The power curves are given in Fig. 2. Both figures in

Fig. 2 show very small fluctuations in the torque and power

values for different blends at different loads. These fluc-

tuations seem to be arbitrary and can be considered as

experimental uncertainties.

The specific fuel consumption curves in Fig. 3 show an

obvious increase with increasing WCOME content, which

is a natural consequence of the decreasing calorific value of

the blends. However, the energy efficiency of the blends

relative to that of the diesel fuel, i.e., the energy utilization

factor, was a more reliable measure for comparison of the

combustion performance of the fuels. The energy utiliza-

tion factor (relative energy efficiency) is defined as the

overall efficiency of the blend fuel divided by the overall

efficiency of the diesel fuel (gei/ged). In Table 5, the energy

utilization factors of the blends are given at the defined

operational modes. The changes in the energy utilization

factor seem to be a function of load rather than engine

speed and WCOME content. Despite the exceptions at a

few points, it can generally be concluded that the energy

utilization factor decreased with increasing load, as was

expected.

One of the most interesting results was that the utiliza-

tion factor decreased from B10 to B20, then began to

increase and reached the greatest value at B50. There were

almost no exceptions to this case at any speed–load com-

bination. In Table 5, the relative energy efficiencies (gei/
ged) of the blends are given at the defined operational

modes.

The test engine was tested under the steady-state 8-mode

ISO 8178 test cycle. Emission levels at various engine

speeds–loads and fuel blends were observed in terms of

filter smoke number (FSN), CO, THC, NOx emissions and

PM.

As shown in Fig. 4, the smoke emission increased with

increasing load and with decreasing speed (at the same

load). However, the positive effect of increasing WCOME

content on smoke emissions was more prominent at higher

loads and lower speeds.

Besides some contradicting conclusions reported in

various references (Jeong et al. 2006; De Almeida et al.

2002), we observed a slight decrease in NOx emissions

with increasing WCOME content for all loads and speeds,

as shown in Fig. 5. These results of this study were in good

agreement with the results reported by Yücesu and Ilkiliç

(2006), Rakopoulos et al. (2006) and Fan et al. (2008), who

similarly reported that the NOx emission of biodiesel

blends decreased when the percentage of biodiesel in the

blend increased. This decrease, despite the higher oxygen

content of blends with higher biodiesel content, might be
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Fig. 2 Power curves at 1800 and 2800 rpm engine speeds

Table 4 ISO 8178-C1 8 test

modes and weighting factors
Mode No. Speed, rpm Load, % Weighting factor

1 Rated speed 2800 rpm 100 0.15

2 75 0.15

3 50 0.15

4 10 0.10

5 Intermediate speed 1800 rpm 100 0.10

6 75 0.10

7 50 0.10

8 Idle 1000 rpm 0 0.15
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attributed to lower heat release and thus the temperature

rose due the lower calorific value of WCOME. But we need

to express the conclusion that there are many different

factors contradictorily affecting the NOx release with

increasing biodiesel content of the blends and their effects

are not definitely dominating so that it is possible to get

contradicting results in different studies depending on the

various experimental atmosphere and physical conditions

of test equipment, especially the combustion chamber of

the engine.

For all WCOME contents, however, NOx emission

increased with increasing engine load up to 75%, but

thereafter remained nearly constant. This increase is defi-

nitely a result of higher energy release, and thus, temper-

ature increases with increasing fuel/air ratio.

Plots of CO concentration (Fig. 6) showed that almost

regardless of load and speed, a minimum value of CO

appeared between B10 and B20 and there was a stable and

continuous increase above B20, except relatively unsta-

ble appearance at 100% load. Another important result was

that in 50%–75% load band there was not a remarkable

change in CO emissions, while it increased considerably at

extremes of 10% and 100% (10% is not reported for

1800 rpm). All these results showed that increasing oxygen

content in the combustion atmosphere, either by an

increase in excess air coefficient (decreasing load) or

oxygen content of the fuel, results in a decrease in CO

concentration up to some extent, but later this trend is
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Table 5 The relative energy efficiencies of the blends at the defined

operational modes

Load rates Different fuels

D2 B10 B20 B30 B40 B50

At 2800 rpm

100% 1.000 0.992 0.990 1.004 1.007 1.018

75% 1.000 0.991 0.964 0.978 0.970 0.993

50% 1.000 1.011 0.956 0.969 0.981 1.018

At 1800 rpm

100% 1.000 1.021 1.011 1.026 1.021 1.025

75% 1.000 1.011 0.990 1.004 1.000 1.003

50% 1.000 0.993 0.985 0.999 1.037 0.995
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reversed and CO concentration increased most probably

regarding the extra dilution effect of oxygen.

The curves in Fig. 7 show that the type of fuel had no

significant effect on CO2 emission. The CO2 emission was

an obvious function of load, and as the load increased, the

CO2 emission increased significantly. If we compare

variation in CO2 with that of CO for a specific fuel, we see

that in terms of combustion efficiency the 50%–75% load

band is the best, i.e., [CO]/[CO2] is the smallest, regardless

of the fuel type.

Hydrocarbon emission in internal combustion engines is

a function of both oxygen available in the combustion
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atmosphere and temperature; higher oxygen concentration

and temperature reduce the HC emissions. Figure 8 shows

that at 1800 rpm THC is the smallest with the B10 blend

and increases remarkably as the WCOME content increa-

ses for a specific load. Since oxygen content increases with

increasing biodiesel content, that means this increase in HC

is not dominated by oxygen concentration but should be a

result of a remarkable decrease in temperature. This con-

clusion confirms well that the decrease in NOx emissions

with increase in WCOME content, as shown in Fig. 5, can

be attributed to a decrease in combustion temperature at the

same load (but for all loads). But similar confirmation of

THC emissions with NOx emissions cannot be made for

the effect of increasing load. If THC emissions were

dominated purely by temperature, increase in NOx emis-

sions with increasing load in Fig. 5 should have resulted

with decreasing THC emissions. But this effect is not

distinguishable for 1800 rpm as shown in Fig. 8. This

means at 1800 rpm, a possible effect of temperature

increase in THC with increasing load, which should be to

decrease THC emissions, is compensated by decrease in

oxygen concentration with increasing load and there is

almost no significant change.

At 2800 rpm, an increase in CO concentration with

increasing WCOME content at all loads is not as sharp as it

is at 1800 rpm and it shows a clear turn after B40. Also,

unlike 1800 rpm results, there is a substantial decrease in

THC emissions with increasing load with some exceptions

between 10% and 50% after B20. This means the thermo-

chemical effect of an increase in engine speed is very

prominent on THC emissions. The combined effect of

increasing load and speed and hence increasing the tem-

perature results in a decrease in THC values.

Figure 9 shows the weighted cumulative 8-mode THC

and PM emission results for conventional diesel fuel and

various blends. Results showed a clear reduction in PM

emissions and an increase in THC emissions as the amount

of WCOME increased in the blend. Using B50 fuel, the

reduction in PM emissions reached 40%, while an increase

of 53% in THC was observed under the same conditions.

The results for NOx and CO emissions for diesel fuel

and various blends from the same 8-mode test are pre-

sented in Fig. 10. It is obvious from Fig. 10 that
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cumulative NOx emissions did not show a meaningful

variation with content of the blend, while CO emissions

show a stable decrease with decreasing WCOME content

and stabilized almost at the same value between B10 and

B20.

4 Conclusion

Although WCOME is of a slightly different nature and of a

lower quality than various other vegetable oil methyl

esters, the results of the tests presented above show that it

exhibits very good performance. At a majority of the test

points, the relative energy efficiencies of the blends are

greater than unity. This research confirms the common

conclusion of biodiesel studies that, if WCOME content

cannot be kept high enough due to the shortage of sources,

then 10% is the best blend ratio in terms of energy effi-

ciency. Blends with WCOME content yielded much better

emission results than the diesel fuel, and this advantage

increased with increasing WCOME content in terms of

smoke and NOx emissions. However, only the B10 blend

carried the same advantage in terms of both CO and THC

emissions. So only the emission results with B10 were

better than those with diesel fuel almost under all opera-

tional conditions. The blends with higher WCOME content

yielded worse or at best equal CO and THC emissions,

except for CO values at several points at full load.
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