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Abstract. Combustion of diesel oil and liquid biofuels in self-ignition engines is related to the emission of
harmful gases to the atmosphere (i.e. nitrogen, carbon or sulfur oxides). These compounds, emitted in
significant quantities, pose a threat to human life and health, as well as to the natural environment. The goal
of our research was to investigate the influence of temperature of the waste cooking oil methyl ester on the

nitrogen oxides emission in the self-ignition engine. This is to help determine if the use of biofuel thermal
activation can be used to reduce nitrogen oxides emissions. Experiments carried out on the test bench in
relation to harmful nitrogen compounds (NO,). The emission of exhaust gases from a diesel engine fed with
methyl esters of the cooking oil was measured. The measurements were made in accordance with ISO 8178-
4. From the obtained test results it can be concluded that it is worth equipping the engine with installation
for preheating the fuel before its injection, but the optimal value of fuel temperature reducing emissions is at

least 70°C.

1. Introduction

According to forecasts for 2010-2040, the increase in
global energy consumption will be around 56%][1].
Currently, the vast majority of energy is produced as a
result of burning fossil fuels, which is associated with
the emission of gaseous pollutants, which include carbon
oxides, nitrogen and sulphur oxides. Shrinking crude oil
reserves and the negative impact of their combustion on
the climate and human health have caused an increase in
interest in the subject of renewable energy sources (i.e.
wind, solar or liquid biofuels) [2—4]. Biodiesel can be
produced from a variety of raw materials: edible
vegetable oils, unfit oils, post-frying oil or animal fats
[5-7]. They are used to power diesel engines that do not
require additional modification. Biodiesel can also
reduce CO, emissions by 50% over the entire life cycle
(from feedstock to wheel) [8]. The disadvantage of using
biodiesel is that their combustion causes more NO,
emissions than traditional fossil fuels [9]. Waste cooking
oil methyl esters can be successfully used to power CI
engines. Because of the lower cost, using WCO methyl
esters is more economical than other alternative fuels.
The disadvantages of this fuel include high viscosity,
higher molar mass and chemical structure that result in
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inefficient combustion, worse atomization and residue
deposition on engine parts [10].

The purpose of the tests described in this publication
was to examine the effect of the temperature of the
biodiesel burned, obtained from cooking oil, on the
concentration of nitrogen oxides (NOy) in the exhaust
gas emitted.

2. Experimental Section

The test stand was the ATMX 2000 engine
dynamometer cooperating with the Yanmar 2TNV70-
ASA two-cylinder diesel engine, whose parameters were
described in an earlier publication [11]. Measurements of
exhaust emissions from a diesel engine powered by
methyl esters of cooking oil were carried out in
accordance with the requirements of ISO 8178-4. The
VARIOPlus Industrial exhaust gas analyzer was used to
analyze the composition of the exhaust gases. Statistical
analysis of the results was performed using the Statistica
6.0 program.

Esterification was carried out in a ratio of waste
cooking oil to methanol of 1: 6. The catalyst (1.5% w/w
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of potassium hydroxide, KOH, by mass of oil) was
dissolved in the methanol under stirring and added to the
reactor. The reaction continued for 1 hour. After the
reaction, mixture was transferred to separator funnel,
allowing glycerol to separate by gravity for 24 hours.
After that glycerol layer and biodiesel were separated. In
next step the excess of methanol was removed from
biodiesel by evaporation at. 70°C.

3. Experimental

The purpose of the described tests was to determine
the effect of the temperature of the fuel supplying the
cogeneration unit on the emission of nitrogen oxides
(NOy). Tests with the use of a cogeneration aggregate
were carried out in accordance with the D1 test
procedure, which is used for engines operating at
constant speed. Before measurements the aggregate was
warmed up to stabilize the operating parameters. When
the engine oil temperature exceeded 80°C the first
measurement was started. The engine operated according
to the nominal rotational speed of the asynchronous
motor, i.e. its rotational speed was 3000 + 30 rpm. The
rotational speed was controlled by the ParmSuite
computer software. The studies were based on a three-
phase test. First, the engine was loaded with the
maximum torque of 25 Nm for this rotational speed
(100% load), in the second phase of the test the engine
was loaded with 21 Nm (75%), while in the third, 14 Nm
(50%). The testing procedure was the same at each test
phase. The entire test phase lasted 10 minutes, of which
the engine worked to stabilize the parameters for the first
7 minutes, while data was recorded for the next 3
minutes to obtain measurement results. The composition
of emitted exhaust gases was verified every 5 seconds,
which gave about 35 measurements for each phase of the
test. In total, three tests were performed for three
different fuel temperatures, which were 20, 40 and 70°C,
respectively. During the measurements, the air
temperature ranged from 19.9 to 24.8°C, and the
atmospheric pressure was 1020 hPa.

The concentrations of nitrogen oxides (NO, NO,)
emitted in the flue gas expressed in mg/nm® have been
summed up and converted into specific emissions
expressed in g/kWh. Measurements of exhaust gas flow
and power generated by the engine in a given test phase
were used in these calculations. The following equation
was used to calculate the concentrations (A):

NOx[mg ,-":lzma] -V [mm?¥]
P [kw] - 1000 (A)

NO, [;f?z]:

where:

NO - concentration of nitrogen oxides in exhaust gases,
V - exhaust gas flow rate,

P - average power generated by the engine during the
test phase

One-way ANOVA significance tests were performed
for the results obtained in this way. Thanks to statistical
analysis, it was assessed whether changes in fuel
temperature have a statistically significant impact on the
amount of nitrogen oxides emitted. The dependent
variables in this case were the emission of nitrogen
oxides, and the independent ones were the fuel
temperatures. In the next stage, a summary of average
NO, emissions was made for each of the fuel
temperatures and engine loads. On the basis of this
summary, graphs were made of the dependence of
nitrogen oxide emissions on fuel temperature for three
engine loads. The last stage of the analysis of the results
was the calculation of emissions from individual tests
carried out for different fuel temperatures. Weighted
average calculations were carried out in accordance with
ISO 8178-4 for the D1 test. The formula below presents
the emission results obtained for individual phases and
the corresponding coefficients listed in Table 1.

Weighted average emission for the D1 test
Vavr "024+ V4 2-05+V, 303 (B)
where:

V.. 1 - average emission for the first phase of the test,
engine load 50% of the torque,

V... 2 — average emission for the first phase of the test,
engine load 75% of the moment,

V... 2 — average emission for the first phase of the test,
engine load 50% of the torque.

Table 1. Calculation factors for average emissions from
the D1 test (own study based on: ISO 8178-4).

Test D1
100% 75% 50%
0,3 0,5 0,2

Then, a statistical analysis was performed, whose
task was to confirm the statistical significance of
changes in NOy emissions caused by changes in fuel
temperature. For this purpose, one-way ANOVA tests
were performed. Three tests were performed, each for a
different engine load, respectively: 50%, 75% and 100%
of the nominal torque. The following hypotheses were
adopted: HO- average NO, emissions in individual test
phases do not differ significantly and H1- average NOy
emissions in individual test phases differ significantly. A
significance level of 0.05 was adopted for statistical



E3S Web of Conferences 171, 01008 (2020)
EEPG Tech 2019

https://doi.org/10.1051/e3sconf/202017101008

analysis. The results of the statistical tests are given in
Table 2.

Table 2. Results of one-way ANOVA test at 50, 75 and 100%
engine load.

Engine load 3):;?;:%23 Probabilities

20 —40°C 0.445

50% 40 -70°C 0
20-70°C 0
20 —40°C 0

75% 40 -70°C 0
20-70°C 0
20 —40°C 0

100% 40 -70°C 0
20-70°C 0

In the case of engine load of 14 Nm (50%) and
fuelled with a temperature in the range of 20-40°C, the
probability exceeds the adopted significance level of
0.05. Average exhaust emissions at fuel temperatures of
20 and 40 degrees Celsius and engine load of 14 Nm do
not differ significantly, so there is no reason to reject the
null hypothesis in favour of the alternative hypothesis.
The remaining tests indicate significant differences
between the compared average emissions of nitrogen
oxides. This allows the null hypothesis to be rejected in

favour of the alternative hypothesis at a significance
level of 0.05. After statistical analysis, it can be stated
that the fuel temperature has a significant impact on the
amount of NOx emitted under the conditions of the
experiment (excluding one of the cases).

The analysis of the test results was carried out in
three load variants, 50%, 75% and 100% of engine
torque, in relation to the three tested fuel temperatures:
20, 40 and 70°C. The weighted average emissions
obtained from the D1 tests carried out in accordance
with ISO 8178-4 for three selected fuel temperatures
were also compared. Table 3 contains the results of
average emissions of nitrogen oxides for the tested fuel
temperatures for each of the test phases.

Table 3. Average emissions of nitrogen oxides at the tested
temperatures at 50, 75 and 100% load.

Engine load Fuel temperature Emission of
[°C] NO, [g/kWh]
20°C 10.76
50% 40°C 10.79
70°C 9.99
20°C 8.02
75% 40°C 8.16
70°C 7.63
20°C 6.65
100% 40°C 6.98
70°C 6.22

At engine loads of 14 Nm (50%), between
temperatures 20 and 40°C, the significance test showed
that the emission values do not differ significantly. In the
case of a fuel temperature of 70°C, NO, emissions
decreased by 0.80 g/kWh compared to 40°C, i.e. a
decrease of 7.42%. It follows that at a temperature of
40°C, the emission is constant, and when the fuel
temperature is greater than 40 degrees Celsius, the
emission decreases.
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Fig. 1. Impact of fuel temperature on NO, emissions at 50%
engine load.
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At engine loads of 21 Nm (75%), it has been noted that
the increase in fuel temperature from 20 to 40°C is
accompanied by an increase in nitrogen oxides emissions
by 0.14 g/kWh, or 1.75%. However, when the fuel
temperature was 70°C, NOy emissions decreased by 0.39
2/kWh compared to the case when the fuel temperature
was set at 20 °C and by 0.53 g/kWh for 40°C fuel, which
corresponds to emission reductions of 4.87% and 6.50%.
Thus, the same correlation was observed here that was
the case with a load of 50% of the nominal torque.

However, the decrease in emissions found in this case is
smaller than for the previous engine load.

8178-4. The calculations were carried out in accordance
with equation (B), and the results of the calculations are
presented in Table 4.

Table 4. Weighted average emissions of nitrogen oxides for
the D1 test at the temperatures tested.

Weighted average emissions for 3 tests

8,2

81

8
79
7,8
77
76
7,5
7.4
73

20 40 70

Temperature [2/kWh]
20°C 8.157
40°C 8.332
70°C 7.679

Fig. 2. Impact of fuel temperature on NOy emissions at 75%
engine load.

The last test at 100% load confirmed that at 40°C
fuel temperature NO, emissions increase. With the fuel
temperature rising from 20 to 40°C, nitrogen oxides
emissions increased by 0.33 g/kWh, or 4.96%. However,
at 70°C fuel temperature, NO, emissions decreased
compared to 20 and 40°C and the same load by
0.43g/kWh and 0.76 g/kWh, respectively, which
corresponds to 6.47% and 10.89%. The same correlation
is shown as for a 75% load. However, the emission
reduction at 100% load is smaller than at 75% engine
load.
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Fig. 3. The effect of fuel temperature on NOx emissions at
100% engine load.

The last stage of the analysis of changes in nitrogen
oxide emissions was the calculation of weighted average
emissions for individual D1 tests in accordance with ISO

Weighted average NOx emissions increased by 0.175
g/kWh, or 2.14%, along with an increase in fuel
temperature from 20 to 40°C. However, a further
increase in fuel temperature to 70°C results in a
significant decrease in emissions by 0.478 g/kWh and
0.653 g/kWh, respectively, i.e. by 6.22% and 8.50%
compared to 20 and 40°C fuel temperature. It is worth
noting that a significant increase in fuel temperature
above 40°C causes a noticeable reduction in the emission
of nitrogen oxides from the Yanmar 2TNV70-ASA
engine powered with methyl esters of cooking oil.
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Fig. 4. Weighted average NOx emissions in relation to the fuel
temperature under experimental conditions.

3. Summary

Fuel temperature rise to 40°C with variable loads of
75 and 100% of the nominal torque, the engine
statistically emits a greater amount of nitrogen oxides
than when the engine is fuelled at 20°C. In the case
where the fuel temperature is 70°C, reduced NOx
emissions have been observed in all tests. It was found
that for environmental reasons it is worth equipping the
engine with a fuel heating system before its injection, but
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the optimal value of the fuel temperature should be at
least 70°C.
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