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Abstract: Air quality currently poses a major risk to human health worldwide. Transportation is one
of the principal contributors to air pollution due to the quality of exhaust gases. For example, the
widely used diesel fuel is a significant source of nitrogen oxides (NOx) and particulate matter (PM). To
reduce the content NOx and PM, different oxygenated compounds were mixed into a mineral diesel
available at the pump, and their effect on the composition of exhaust gas emissions was measured
using a one-cylinder diesel generator. In this setup, adding methanol gave the best relative results.
The addition of 2000 ppm of methanol decreased the content of NO by 56%, 2000 ppm of isopropanol
decreased NO; by 50%, and 2000 ppm ethanol decreased PM by 63%. An interesting question is
whether it is possible to reduce the impact of hazardous components in the exhaust gas even more
by adding oxygenates to biodiesels. In this article, alcohol is added to biodiesel in order to establish
the impact on PM and NOx concentrations in the exhaust gases. Adding methanol, ethanol, and
isopropanol at concentrations of 2000 ppm and 4000 ppm did not improve NOx emissions. The best
results were using pure RME for a low NO content, pure diesel for a low NO, content, and for PM
there were no statistically significant differences.

Keywords: oxygenates; diesel; biodiesel; NOx; particulate matter

1. Introduction

Sustainability of transport is becoming a growing challenge for the future as the
continued use of fossil fuel is breaking down the climatic equilibria of our planet at an
increasing pace. The number of vehicles on the road, ships on water, and planes in the air
continue to increase incessantly, leading to a huge rise in the quantity of exhaust gases [1,2].
However, it is maritime transport that constitutes one of the major challenges of the future.
Road transport tends to or should comprise electrical vehicles on which a lot of research
has already been done [3,4]. Even air transport is developing different alternative strategies
for sustainable energy use [5,6]. Maritime transport is still in the process of choosing
the best possible sustainable replacement, whether this is hydrogen, ammonia, LNG, or
biodiesel [7,8].

This choice will hinge on two aspects of engine emissions. Firstly, the potential fuel
will have to be carbon neutral, especially within the frame of climate catastrophe. Secondly,
combustion engines, such as diesel engines on board ships, are bound to produce particulate
matter (PM) and nitric oxides (NOx). Measurements of exhaust gas emissions of ship diesel
engines have been conducted around Europe and these amounts of PM and NOx amount
to about 0.2 million ton PM and 3 million ton NOx [9].
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Particulate matter (PM), also known as atmospheric aerosol particles, is comprised of
solid or liquid particles suspended in the atmosphere. The sources of PM can be natural,
including for example volcanic eruptions or anthropogenic thus manmade, as in diesel
engines, for example. The major problem with PM is the impact on human health. PM
can be divided into different types: suspended, respirable, inhalable with a diameter
between 2.5 and 10 microns, fine with a diameter of less than 2.5 micron, ultrafine, and soot.
Due to its ability to penetrate deep into the lungs and bloodstream, PM can cause heart
and lung disease and, in some cases, lead to heart attacks and/or premature death. The
smallest particles with a diameter of less than 100 nanometer (nanoparticles) are even more
dangerous because they can pass through cell membranes and migrate into organs. It is
exactly these particles that are formed in diesel engines.

The anthropogenic sources of NOx are rather diverse. There is thermal NOx, which is
formed by the reaction of atmospheric oxygen and nitrogen at high temperatures (above
1300 °C), as described by the Zeldovich mechanism [10,11]. Secondly, there is fuel NOx.
This is nitrogen bound to organic compounds in the fuel that reacts with oxygen [12,13].
The reaction mechanism is quite complex and there is still considerable uncertainty about
the exact reaction mechanism. Lastly, there is prompt NOx, which is formed by the reaction
of atmospheric nitrogen with radicals formed during combustion. The contribution of
the latter is disputed in literature [13], but most research considers the concentration of
prompt NOx as very low. NOXx reacts with moisture, thus forming nitric acids, and it
reacts with volatile organic compounds, thus producing ozone. Both these compounds are
considered to be major causes of lung disease and respiratory problems [14-16]. However,
if the eventual goal is to find a way to lower air pollution as well as to find a new and
sustainable fuel resource, biodiesel may well provide a good solution for both these aspects.
The concentrations of hazardous components in the exhaust gases are lower than those of
mineral diesel, and the production of biodiesel could cover the diesel fuel demand when
choosing the right source of lipid production [17-19].

Another means of decreasing the NOx and PM concentrations in the exhaust gases is
by adding oxygenates, which are molecules containing an oxygen atom in their molecular
structure. The effect of adding oxygenates to mineral diesel has already been investigated
quite extensively [20-25]. Biodiesel is itself already an oxygenate by way of its molecular
structure. Therefore, and because biodiesel is a promising alternative for mineral diesel, it
might be interesting to pose the question “What happens to the concentration of NOx and
PM if an oxygenate is added to biodiesel?”. Different types of additives in biodiesel have
been tested, such as, for example, diethyl ether/diesel [20] and waste-derived ethylene
glycol diacetate/diesel [24]. In [23], a decrease in smoke opacity and NOx was detected
and in [24] a decrease in NOx was detected. In both cases, a blend of biodiesel and diesel
with the oxygenate in higher concentration was tested so B100 with an oxygenate in lower
concentration as additive was not subject in this research.

A more thorough investigation of the effect of different oxygenates is therefore re-
quired. This study therefore investigates the influence of oxygenates in a more systematic
way. The oxygenates were added in low concentrations to mineral diesel in order to in-
fluence the exhaust gas composition. The organic structures containing oxygen atoms are
alcohols, ketones, aldehydes, ethers, and organic acids. In addition, the influence of water,
which according to the definition is also an oxygenate, is measured. We only consider the
molecules with the shortest possible chain length that are fluid under normal atmospheric
circumstances. In each case we added 2000 ppm and 4000 ppm oxygenate to the mineral
diesel and measured contents of NO, NO;, and PM in the exhaust gas, respectively. Next,
we made a relative study by comparing the results. The aim of this study is to look at possi-
bilities for improving the exhaust gas composition by decreasing its content of NO, NO,,
and PM by adding low quantities of oxygenates. An additional aim is to use these results
when substituting diesel for biodiesel, which already contains oxygenated compounds
because biodiesel is a mixture of several (methyl)esters of fatty acids. The study focuses
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only on the fuel itself and does not consider motor management, such as, for example,
changing the injection pressure.

The reason that CO or CO, was not measured is that, as we already stated, measure-
ments of biodiesel will also be carried out. Biodiesel is produced from vegetable oil and
these oils are produced from plants, thus vegetation. If we produce biodiesel from plants
grown today, the biodiesel produced from this vegetation is used only a short time later.
This means that the CO, produced during combustion will be used in the photosynthesis
process by the vegetation as it grows. In short, we can say that the CO, cycle will be closed,
or at least will be closed for the larger part.

2. Materials and Methods
2.1. Engine Specification

The experiments were conducted using a four stroke one cylinder diesel generator of
type JavacNanomag NM 7500 B (KM 186FA) (Figure 1, Table 1).

A

rjw_if
=

Figure 1. Scheme of the experimental set-up where 1 is the sampling compressor, 2 is the dilution
compressor, and T is the temperature sensor. PM is the particulate matter sensor and NOx is the
sensor measuring NO and NO,.

Table 1. Engine (JavacNanomag NM 7500 B (KM 186FA)) specifications.

Injection system Direct injection
Type Single cylinder
Cooling Air cooled
Aspiration Naturally aspirated
Bore (mm) 86
Stroke (mm) 70
Compression ratio 19

In order to test the different types of fuel samples, the generator was equipped with a
reservoir that could be cleaned after each measurement run. The measurements were done
by way of a three-phase system. The load consisted of three identical hot air blowers by
means of which the load could be increased in steps of 0.7 kW.

2.2. Exhaust Gas Emission

Measuring PM was done by a DustTrack DRX model 8533 (TSI instruments, Wycombe,
England). The sampling time was set at 60 s and the sampling period at 10 s. The measuring
range for PM is 0.001-150 mg/m3. Measuring occurs at a resolution of +0.1% of reading
or 0.001 mg/m?, whichever is greater. Measuring NO and NO, was done by a Crown
Con Gas-Pro (Crowncon Detection instruments Ltd., Abingdon, UK). NO and NO, were
measured three times during that minute. The measuring range for NO is 0-100 ppm (with
a resolution of 1 ppm), and for NO; it is 0.0-20.0 ppm (with a resolution of 0.5 ppm). Note
that this paper will make a distinction between NO and NO,.
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2.3. Measuring Protocol

The load increased in steps of 0.7 kW and at different levels of power enough time
was taken for the temperature of the exhaust gas to stabilize. This means that differences of
more than a few tenths of a degree were not exceeded. At level of load 0 kW (stationary),
0.7 kW, 1.4 kW, 2.1 kW, 3.5 kW, 4.9 kW, and 5.6 kW, we measured PM, NO, and NO,. To
measure the contents of NOx and PM, a tube was created in which a constant flow of
exhaust gas was taken by means of a sampling compressor. This constant flow was diluted
by adding a constant flow of ambient air. To reach this goal, an air compressor at constant
rotation speed was used. Measurements were taken until we reached around nominal load
of the diesel generator.

2.4. Adding of Oxygenates

Measurements were performed with mineral diesel (B7) bought at a gas station. The
same diesel was used, and 2000 or 4000 ppm oxygenate were added to the diesel. We
chose from every oxygenate group the molecule with the smallest molecular structure
(shortest chain length), which was in the fluid phase under measuring circumstances
(ambient p around 1 bar, T around 280 K). The oxygenates chosen were alcohol, ether,
ketones, aldehydes (Acros Organics, Geel, Belgium) and water, which is also an oxygenate
according to the definition. An overview of some physical properties of the different
oxygenates is given in Table 2.

Table 2. Numerical values of some important physical properties of the different oxygenates and
fuels. NA: Not applicable. (Data obtained from refs. [26-29]).

Evaporation Heat

Boiling Point (°C) Flash Point (°C) * (kJ/mol at 25 °C)

** (kJ/kg at 25 °C)
water 100 NA 43.98 *
acetone 56 —20 30.99 *
acetaldehyde 20.8 —38 2547 *
diethyl ether 35 —20 27.1*
methanol 64.96 11 37.43*
ethanol 78.37 12 42.32*
propanol 97.1 15 47.45 *
isopropanol 82 12 4539 *
diesel 180-340 74 265 **
RME 369 91-135 250 **

2.5. Statistical Testing

Mean values for the area under curve (AUC) across the full range of loads were
calculated for each additive, for each ppm, and for each exhaust using the trapezoid rule,
as implemented in the R package DescTools. The standard deviation of the measured
values allowed for the calculation of a standard deviation around the AUC using bootstrap
resampling. In brief, for each exhaust 7 normal distributions (for the 7 power levels) were
generated, each having the mean and standard deviation from the raw recording shown
in Figures 2-10 and S1-53. Then, one random observation was picked from each of these
7 distributions and the AUC was calculated for this set of observations. This process was
carried out 2000 times to obtain the mean AUC and its standard deviation.

p-values for pairwise comparison of exhaust between additives were generated using
the test statistic of the independent sample t-test. Since only one value of the mean AUC
was obtained per additive using the calculation described above, we took the standard error
equal to the standard deviation. The difference in AUC value between the two additives
was put in the numerator, and the denominator was the square root of the summed squared
standard deviation. Under the null hypothesis of no differences between the additives, this
test statistic has a t-distribution with a large number of degrees of freedom. The distribution
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then becomes equivalent to a standard normal distribution. For each exhaust, we calculated
p-values for pairwise differences between either diesel or methanol, to the other additives.
The p-value for this pairwise comparison was corrected by a Bonferroni correction for
multiple hypothesis testing.

3. Results
3.1. First Measuring Campaign
3.1.1. Nitrogen Oxide (NO)

The first type of emission to be tested was NO (Figure 2). At both concentrations,
it can be seen that methanol gives quite good results. At 2000 ppm acetaldehyde gives
slightly better results than methanol, but it should be said that the difference in temperature
exceeded more than a few tenths of a degree, thus the reliability of this measurement is
questionable. At 4000 ppm, we can say that the measurements were unreliable because
of large differences in temperature in the exhaust. We stopped measuring with aldehyde
because the engine showed knock. Although the samples were taken over the entire range,
it should be noted that adding acetaldehyde is a risk even when adding small quantities.
In addition, none of the additives of a significantly decreased NO exhaust compared to
diesel. Statistical analysis showed that, at 4000 ppm the exhaust, when adding methanol
and acetaldehyde, differs significantly from diesel.

2000 ppm 4000 ppm

T 15- Additive

S

=) acetaldehyde
c

2 acetone

g 107 -+ diesel

§ —o— diethylether
8 methanol
o

bz

water

0- & & - [ L 2
0 2 4 0 2 4
Load (kW)

Figure 2. Concentrations of NO in the exhaust gas in function of the load, with 2000 ppm (left column)
or 4000 ppm (right column) of each of the oxygenates added to the diesel.

3.1.2. Nitrogen Dioxide (NO,)

Secondly, NO, emissions were measured (Figure 3). Across both concentrations,
methanol leads to a significantly decreased NO;. In addition, acetaldehyde at 2000 ppm
shows slightly better results, but then again it should be stated that the temperature was
stable, although exceeding more than a few tenths of a degree with the same conclusion
as above.



Int. |. Environ. Res. Public Health 2022, 19, 7637 6 of 18

2000 ppm 4000 ppm
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Figure 3. Concentrations of NO, in the exhaust gas in function of the load, with 2000 ppm (left column)
or 4000 ppm (right column) of each of the oxygenates added to the diesel.

3.1.3. Particulate Matter (PM)

In this case, again methanol shows good results, but in the case of 4000 ppm added,
ether shows slightly better results (Figure 4). Considering that in the case of NOx methanol
shows a better exhaust gas composition, we should, of course, consider how alcohols
influence the exhaust gas composition due to their show of overall better results.

2000 ppm 4000 ppm

Additive
acetaldehyde
acetone
diesel
diethylether

bbbt

methanol

water

PM concentration (mg/m3)
n v <
K\\/

n
~

0 2 4 0
Load (kW)
Figure 4. Concentrations of PM in the exhaust gas in function of the load, with 2000 ppm (left column) or
4000 ppm (right column) of each of the oxygenates added to the diesel.

3.2. Second Measuring Campaign

We repeated the measurements of the four best results, including ether and methanol
at 2000 ppm and 4000 ppm obtained during the first measuring campaign in order to filter
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and confirm the first results for NO (Figure S1), NO; (Figure S2), and PM (Figure S3). These
figures can be found in supplementary data. Overall, it may be assumed that methanol
2000 ppm added gives the best results. Following a statistical analysis, a more solid
conclusion will be provided.

3.3. Effect of Chain Length of Alcohols

We repeated the measurements using different types of the best oxygenate molecular
structure, namely alcohol. We tested methanol, ethanol, propanol, and isopropanol, adding
2000 ppm to mineral diesel (Figures 5-7).

In the case of alcohols, ethanol shows slightly better results than methanol to lower
concentrations of PM, but for NOy, methanol shows slightly better results. Bearing in mind
we also want to study the behavior of biodiesel which is, at this moment, still produced
by transesterification with methanol (FAME: Fatty Acid Methyl Ester), the best choice for
adding oxygenates to biodiesel would be methanol, provided the results when adding
alcohol to biodiesel confirm this choice.

2000
20~

Additive
. diesel
g_ 10- ethanol
2
o) —~e— isopropanol
P4

—~o— methanol

propanol

load (kW)

Figure 5. Concentration of NO in exhaust gases in function of the power of the diesel generator after
addition of 2000 ppm of methanol, ethanol, propanol, and isopropanol.
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2000
5-
4-
Additive
€ ~o— diesel
;& *] ~o— ethanol
8 ~e— isopropanol
=z ~o— methanol
~o— propanol
2-
1- \\\\
0- ' '
0 2 4
load (kW)

Figure 6. Concentration of NO; in exhaust gases in function of the power of the diesel generator after
addition of 2000 ppm of methanol, ethanol, propanol, and isopropanol.

2000

Additive
e ~o- diesel
§> ~o— ethanol
=2 —e— isopropanol
5 prop
o —o— methanol
~o~ propanol

load (kW)

Figure 7. Concentration of PM in exhaust gases in function of the power of the diesel generator after
addition of 2000 ppm of methanol, ethanol, propanol, and isopropanol.
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3.4. Statistical Data Analysis When Adding Alcohol to Diesel

To summarise the exhaust (NO, NO,, PM) for a given fuel mixture over the entire
range of power levels, we calculated the area under curve (AUC) using the graphs in
Figures 2-7 and S1-53. Standard deviations and the 95% confidence interval around the
AUC were obtained by a resampling procedure, as described in the methods. Subsequently,
we statistically tested whether the exhaust from the diesel with a given additive was
significantly different from the exhaust from diesel alone. The results of these analyses
are presented in Tables S1-S5 (Supplementary Materials). These results are visualised in

Table 3 and Figures 8-10.

Table 3. Results of the statistical analysis of adding 2000 ppm of methanol, ethanol, and isopropanol.
The value of the content of NO, NO,, and PM left in the exhaust gases as absolute AUC.

NO NO, PM
(Mean AUCQ) (Mean AUCQ) (Mean AUCQC)
methanol 18.71 8.11 2.70
ethanol 20.89 8.92 2.35
propanol 24.61 8.93 3.77
isopropanol 26.47 8.91 2.90
pure diesel 43.03 18.17 6.39
801 T e |
| T ooy |
[ e 1
1
5
=
[}
2 40 -
- 3
K3
diclscl clh‘;‘inol isopro‘pz\nol mclh‘anol prop‘anol

Figure 8. Error analysis bar chart of the concentration of NO, expressed as AUC, measured for the
different alcohols between pure and diesel-alcohol mixtures. The dots show the mean AUC value,
obtained through bootstrap resampling. Error bars indicate the 95% confidence interval around the
mean. Asterisks show the significance of the pairwise comparison of the AUC values *** p < 0.001).
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25-

20-

Area under curve +/- 95% CI (NO2)

= ¥, 71

diesel ethanol isopropanol methanol propanol

Figure 9. Error analysis bar chart of the concentration of NO,, expressed as AUC, measured for the
different alcohols between pure and diesel-alcohol mixtures. The dots show the mean AUC value,
obtained through bootstrap resampling. Error bars indicate the 95% confidence interval around the
mean. Asterisks show the significance of the pairwise comparison of the AUC values (*** p < 0.001).

Area under curve +/- 95% Gl (PM)

. 25

diesel ethanol isopropanol methanol propanol

Figure 10. Error analysis bar chart of the concentration of PM, expressed as AUC, measured for the
different alcohols between pure and diesel-alcohol mixtures. The dots show the mean AUC value,
obtained through bootstrap resampling. Error bars indicate the 95% confidence interval around the

mean. Asterisks show the significance of the pairwise comparison of the AUC values (* p < 0.05; NS:
not significant).

The first measurements enable us to filter. Acetaldehyde gives rather good results,
but the measurements were uncertain and too unpredictable to use. The other additives,
water and acetone, did not lead to such good overall results as methanol and ether. This
analysis shows that adding 2000 ppm methanol gives very good results overall. In general,
the alcohol function is able to lower the concentrations of both NOx and PM when adding
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2000 ppm. The next test that was performed was using other additives with an alcohol
group to see if they could perform even better.

3.5. Addition of Oxygenates to Biodiesel

For biodiesel, similar techniques were used as before when alcohol was added to
diesel. Exhaust values were recorded for NO, NO,, and PM for different mixtures of RME
with alcohol additives (Figures 11-13). Alcohol additives included ethanol, methanol, and
isopropanol, at concentrations of 2000 ppm and 4000 ppm.

NO
2000 4000

40-

e Additive
g o Pure
£ 30- » 7 - EtOH
e ’ - iPrOH
2 MetOH
= 9/
o > 35
s
¢
2 20- 3 — diesel
-- RME
.
.
10- —
.,
5
e
0 5 10 15 0 5 10 15

Load (kW)

Figure 11. Concentration of NO in exhaust gases in function of the power of the diesel generator
after addition of 2000 and 4000 ppm of methanol, ethanol, and isopropanol to biodiesel.

NO2
2000 4000
3.0-
°
: . °
25- - s - s
. v . e °
: : N b
s o . i Additive
3 { gl S : g . o~ Pure
Q
a & < EtOH
o 8 3
% o . 2\ ~e— iPrOH
b= e Xt N MetOH
«© v
L K
> . .
o . *
S 0
3 diesel
= ' iese!
- RME
»
D e
: .
S
0 5 10 15 0 5 10 15

Load (kW)

Figure 12. Concentration of NO, in exhaust gases in function of the power of the diesel generator
after addition of 2000 and 4000 ppm of methanol, ethanol, and isopropanol to biodiesel.
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PM
2000 4000

o
'

Additive
Pure
*— EtOH
<+~ iPrOH
MetOH

—— diesel
-- RME

Mean exhaust PM (mg/m?)

<)

7]
'
N

- Wmpe
|
C

0.0~

0 5 10 5 10 15

15 0

Load (kW)
Figure 13. Concentration of PM in exhaust gases in function of the power of the diesel generator after
addition of 2000 and 4000 ppm of methanol, ethanol, and isopropanol to biodiesel.

Exhaust measurements were carried out in duplicate at 7 different loads (0 kW (idle),
0.65 kW, 1.31 kW, 1.97 kW, 2.59 kW, 3.21 kW, and 3.83 kW) and for different mixtures
of RME with alcohol additives. To obtain a summary value, describing the exhaust of
a particular condition across the entire range of powers, the exhaust was plotted versus
the load for each experiment and the area under the curve (AUC) was calculated. These
AUC values for each condition served as input for the subsequent statistical analyses. A
higher AUC corresponds to a higher exhaust value across the power levels tested. For
each condition, six AUC values were available for statistical testing. The AUC values
were compared between conditions using a one-way ANOVA test, followed by a posthoc
analysis using Bonferroni’s correction for multiple hypothesis testing. The comparison
between diesel and the RME mixtures, using diesel as standard, is summarized in Table S6
for NO, in Table S7 for NO;, and Table S8 for PM. The AUC value from the initial one-way
ANOVA showed differences in AUC between the mixtures for NO, NO, and PM.

The lowest NO concentration in the exhaust gas occurs when no alcohol is added
(Figure 14). Pure RME shows the lowest NO concentration in the exhaust compared to pure
diesel and all RME alcohol mixtures. Pure diesel shows the lowest concentration of NO» in
the emissions compared to all RME-alcohol mixtures, including RME. Pure RME showed a
lower NO; emission compared to the RME-alcohol mixtures, although the difference was
not always significant (Figure 15). This suggests it would be better not to add alcohol to
RME to lower concentrations of NO,. Considering the results of NO concentrations, it is
clear that by adding an alcohol to RME NOx, emissions do not decrease, but increase. Pure
diesel shows better results in terms of NO, emissions than RME. For PM, a significantly
large increase was obtained only after addition of 2000 ppm methanol, in comparison to
both RME and diesel (Figure 16).
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NO
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Figure 14. Boxplot of the statistical analysis of the concentration of NO in the exhaust gas. The
center lines show the mean AUC value, obtained through bootstrap resampling. Asterisks show the
significance of the pairwise comparison of the AUC values ** = p < 0.01; *** = p < 0.001).

NO2
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Figure 15. Boxplot of the statistical analysis of the concentration of NO; in the exhaust gas. The
center lines show the mean AUC value, obtained through bootstrap resampling. Asterisks show the
significance of the pairwise comparison of the AUC values (* = p < 0.05; ** = p < 0.01; *** = p < 0.001).
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PM

10.0-

{

diesel pure 0~
RME pure 0~

RME EtOH 2000
RME EtOH 4000
RME iPrOH 2000
RME iPrOH 4000~
RME MetOH 2000
RME MetOH 4000

Figure 16. Boxplot of the statistical analysis of the concentration of PM in the exhaust gas. The
center lines show the mean AUC value, obtained through bootstrap resampling. Asterisks show the
significance of the pairwise comparison of the AUC values ** = p < 0.01; *** = p < 0.001).

4. Discussion
4.1. Adding Oxygenates to Mineral Diesel

To summarize, the lowest concentration of NO in the exhaust gas is found when
2000 ppm methanol is added. A concentration of 2000 ppm isopropanol as additive gives
the lowest NO, concentration in the exhaust gas, and if we consider NOX, in our case the
sum of NO and NO,, we should use 2000 ppm of methanol to reach the lowest concentration
in the exhaust gas. The lowest concentration of PM is reached when adding 2000 ppm
ethanol to diesel. Ethanol performs best for PM, showing a decrease of 63% in PM (when
using the mean AUC as a benchmark; Table 3). For NO;, methanol gives the best result
with a decrease of NO; 50%, and for NO, methanol gives the best result with a decrease of
56%. The question remains as to what additive can be used to decrease all the components
at the same time.

This leads to a choice of additive that may be a mixture of different additives in
order to lower, as much as possible, the concentrations of both PM and NOx. Literature
concerning the use of oxygenates added to fuel illustrates that in [20], some functional
groups have been tested on several different combustion characteristics, among others the
exhaust gas composition, and more in particular the NOx and PM content.

NOx emission seemingly decreased with increasing carbon chain length of the oxy-
genate because the carbon chain length is suggested to decrease ignition delay by increasing
length [20]. Additionally, total mass of PM increases and the number of particles decreases
with carbon chain length. The article states that the ignition delay has a significant effect on
combustion characteristics and emissions. The most important molecular features affecting
ignition delay seemed to be threefold: the higher electronegativity of a fuel bound oxygen
atom compared to a fuel carbon atom, the way an oxygen atom is bonded to the carbon
chain, and the location of the oxygenated functional group in the molecule. These are
important results. We have been studying oxygenates with the lowest carbon chain length
possible, that are fluid under normal circumstances, and are thus able to make a solution in
diesel. Next, the results of the measurements were compared only to the functionality of
the oxygenated group. In this case, the alcohol function gave the best results.
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In [21], the emissions of combustion of pure pentanol are compared to those of diesel
and they seem to reach the same conclusion, namely that pentanol shows larger ignition
delay and lower NOx and PM concentrations in the exhaust gases. The same authors find
in [4] that adding pentanol to diesel /biodiesel blends lowers the NOx concentrations. The
most important features affecting NOx concentrations are temperature and local air /fuel
ratio. This is attributed firstly to the higher latent heat of vaporization which leads to lower
combustion temperatures, thus reducing NOx, and secondly to the lower cetane number
and thus longer ignition delay of pentanol, which will increase the concentration of NOx.
In [22], the authors saw a decrease in PM when adding pentanol due to the higher ignition
delay of pentanol and thus obtaining better premixing and a complete combustion.

Diesel/pentanol blends were also tested and the results were shown in [23]. The
authors seem to get comparable results, borne out by the fact that increasing the content
of pentanol seems to increase the NOx concentration. We also showed that, in our case,
adding 2000 ppm alcohol showed better results than adding 4000 ppm. On the other hand,
their measurements on PM shows that increasing the concentration of pentanol generates a
reduction in soot formation.

In addition, in [24], the results of measuring emissions due to combustion in a diesel
engine of blends of alcohol with diesel/biodiesel revealed a decrease in PM and NOx
concentrations when adding ethanol or n-butanol.

If we look at [25], we see that branched molecules such as isopropanol tend to form
more soot then unbranched, which is also confirmed in these experiments.

Using a filtering method, the results of the best oxygenate function seemed to be
the alcohol function. In [30], NOx concentrations in the exhaust gas of ethanol-diesel
blends were measured. In this case there was also a decrease in NOX, although higher
concentrations of alcohol were used.

In [30], a reduction of harmful emissions of NOx and PM was also observed when
adding 15% volume ethanol or methanol to diesel, where methanol gave better results for
PM reduction and ethanol for NOx reduction. This could be explained by the lower flame
temperature and the higher ignition delay.

In [31], the author comes to the conclusion that adding alcohol improves the smoke
opacity in exhaust gas; the higher the alcohol content, the lower the opacity. A difference of
opacity was measured when using methanol and ethanol, where the latter was less efficient.
This could be explained by the % mass content of oxygen in the molecule.

Contrastingly, it should also be mentioned that the NOx concentration, which was
measured when alcohol was added, seemed to have increased. The quantity added to
the diesel is 5 and 10% volume, which is much higher than the concentrations added in
these experiments. In the literature there seems to be some discussion on the effect of
adding alcohol, but then the concentrations seem to differ, as do the type of engines used
in the experiments, thus making a general conclusion difficult. When looking for grounds
for the change in exhaust gas composition due to the molecular structure of alcohol, the
literature [20,32] seems to agree that ignition delay, the cooling effect of evaporation, and
the presence of oxygen in the molecule are important factors which lead to the changes in
NOx and PM concentrations.

4.2. Effect of Alcohol Addition to Biodiesel and Diesel

According to [33], adding propanol, n-butanol, or n-pentanol improves the quality of
the exhaust gases due to a significant decrease in NOx. In [34], measurements were made
on a blend of biodiesel/alcohol where alcohol was not added as an additive. In our case
the alcohol added was in low concentration and methanol, ethanol, and propanol were
added, whilst butanol and pentanol were not investigated. It might be that due to the low
concentrations, a decrease in NOx concentrations did not occur. This could be due to the
fact that the latent heat needed for evaporation was not enough to lower temperatures
during combustion. Another reason could be that the cetane number (CN), which also
plays a major role in combustion, does not change much by adding low concentrations.
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In [35], the role of adding alcohol and the change in CN was established, revealing that B100
has the highest CN. In [36], ternary blends of n-butanol, diesel, and microalgae spirulina
biodiesel were tested, and results show that at low biodiesel/diesel (B1, B2, B3) blends,
NOx emission was higher than at high biodiesel/diesel (B20) blends. The Bosch Smoke
Number (BSN) shows an overall reduction in the exhaust gas. In [37], the results show
the same conclusion where microalgae biodiesel was blended with mineral diesel in a B20
configuration, and NOx as well as PM content decreased. In [38], Punnai biodiesel was
used to make blends of 10 v% and 20 v% with butanol, and results showed a decrease in
NOx as well as PM.

In [33], a comprehensive review was made of the effects of alcohol in diesel and
biodiesel. Methanol added to biodiesel shows lower concentrations of PM and NOx
than diesel. Ethanol added to biodiesel shows higher NOx than diesel but lower PM
concentrations. Propanol added to biodiesel shows both lower NOx as well as reduced PM
concentrations. Butanol added to biodiesel shows higher NOx emissions than diesel, but
on the other hand, lower concentrations of PM are measured.

5. Conclusions

The main goal of this research is to decrease concentrations of NOx and PM in the
exhaust gases when using diesel and biodiesel. Given the results, we should consider using
ethanol as an additive in mineral diesel because of the high improvement in exhaust gas
composition. Ethanol performed very well for PM. To lower NOx concentrations in the
exhaust gases, methanol could be considered. Compared to pure biodiesel, if there is a
decrease when adding alcohol to biodiesel, the decrease is not very large and statistically
not significant and, in most cases, adding alcohol even increases PM and NOx in the
exhaust gases. This is due to the fact that biodiesel itself is already an oxygenate because
of the presence of oxygen atoms in the fatty acid methyl ester molecules. In the end, we
can say that biodiesel without adding oxygenates as an alternative fuel shows interesting
opportunities for maritime transport. We should nevertheless aim for biofuels with a low
ecological footprint produced from either waste, yeast, or microalgae.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph19137637/s1, Table S1: Results of the statistical analysis of
the addition of 2000 ppm of oxygenates; Table S2: Results of the statistical analysis of the addition
of 4000 ppm of oxygenates; Table S3: Results of the statistical analysis of the addition of 2000 ppm
of methanol and ether; Table S4: Results of the statistical analysis of the addition of 4000 ppm of
methanol and ether; Table S5: Results of the statistical analysis of adding 2000 ppm of methanol.
ethanol, propanol and isopropanol; Table S6: NO exhaust (AUC); Table S7: NO, exhaust (AUC);
Table S8: PM exhaust (AUC); Figure S1: Concentrations of NO in the exhaust gas in function of
the load; Figure S2: Concentrations of NO; in the exhaust gas in function of the load; Figure S3:
Concentrations of PM in the exhaust gas in function of the load.

Author Contributions: Conceptualization, R.R.M. and G.P.; methodology, R.R.M.; formal analysis,
R.RM. and EF; investigation, R.R.M.; data curation, G.P,; writing—original draft preparation, R.R.M.;
writing—review and editing, RR.M. and G.P,; visualization, R.R.M. and E.E; supervision, R.V.S. and
S.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data will be provided after embargo of 1 year.

Conflicts of Interest: The authors declare no conflict of interest.

1. Amin, A.; Altinoz, B.; Dogan, E. Analyzing the determinants of carbon emissions from transportation in European countries: The
role of renewable energy and urbanization. Clean Technol. Environ. Policy 2020, 22, 1725-1734. [CrossRef]

2. Ahmed, Z,; Ali, S.; Saud, S.; Shahzad, S.J.H. Transport CO, emissions, drivers, and mitigation: An empirical investigation in
India. Air Qual. Atmos. Health 2020, 13, 1367-1374. [CrossRef]


https://www.mdpi.com/article/10.3390/ijerph19137637/s1
https://www.mdpi.com/article/10.3390/ijerph19137637/s1
http://doi.org/10.1007/s10098-020-01910-2
http://doi.org/10.1007/s11869-020-00891-x

Int. |. Environ. Res. Public Health 2022, 19, 7637 17 of 18

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

Lajunen, A.; Kivekds, K.; Vepsildinen, J.; Tammi, K. Influence of increasing electrification of passenger vehicle fleet on carbon
dioxide emissions in Finland. Sustainability 2020, 12, 5032. [CrossRef]

Dér, A.; Erkisi-Arici, S.; Stachura, M.; Cerdas, F.; Bohme, S.; Herrmann, C. Life Cycle Assessment of Electric Vehicles in Fleet
Applications. In Fleets Go Green; Springer: Cham, Switzerland, 2018; pp. 61-80.

Ng, K.S.; Farooq, D.; Yang, A. Global biorenewable development strategies for sustainable aviation fuel production. Renew.
Sustain. Energy Rev. 2021, 150, 111502. [CrossRef]

Abrantes, I; Ferreira, A.F; Silva, A.; Costa, M. Sustainable aviation fuels and imminent technologies-CO, emissions evolution
towards 2050. J. Clean. Prod. 2021, 313, 127937. [CrossRef]

Noussan, M.; Raimondi, P.P; Scita, R.; Hafner, M. The role of green and blue hydrogen in the energy transition—A technological
and geopolitical perspective. Sustainability 2021, 13, 298. [CrossRef]

Howarth, R.W.; Jacobson, M.Z. How green is blue hydrogen? Energy Sci. Eng. 2021, 9, 1676-1687. [CrossRef]

Jalkanen, J.-P,; Johansson, L.; Kukkonen, J. A comprehensive inventory of ship traffic exhaust emissions in the European sea areas
in 2011. Atmos. Chem. Phys. 2016, 16, 71-84. [CrossRef]

Lopatin, O.P. Phenomenology of nitrogen oxides formation in a gas-diesel engine. J. Phys. Conf. Ser. 2020, 1515, 042009. [CrossRef]
Mao, G.; Shi, K.; Zhang, C.; Chen, S.; Wang, P. Experimental research on effects of biodiesel fuel combustion flame temperature on
NOX formation based on endoscope high-speed photography. J. Energy Inst. 2020, 93, 1399-1410. [CrossRef]

Asprion, ].; Chinellato, O.; Guzzella, L. A fast and accurate physics-based model for the NOx emissions of Diesel engines. Appl.
Energy 2013, 103, 221-233. [CrossRef]

Anufriev, I. Review of water/steam addition in liquid-fuel combustion systems for NOx reduction: Waste-to-energy trends.
Renew. Sustain. Energy Rev. 2020, 138, 110665. [CrossRef]

Zhang, Y.; Eastham, S.D.; Lau, A.K.; Fung, J.C.; Selin, N.E. Global air quality and health impacts of domestic and international
shipping. Environ. Res. Lett. 2021, 16, 084055. [CrossRef]

Bilsback, K.R.; Kerry, D.; Croft, B.; Ford, B.; Jathar, S.H.; Carter, E.; Martin, R.V.; Pierce, J.R. Beyond SOx reductions from shipping:
Assessing the impact of NOx and carbonaceous-particle controls on human health and climate. Environ. Res. Lett. 2020, 15,
124046. [CrossRef]

Contini, D.; Merico, E. Recent advances in studying air quality and health effects of shipping emissions. Atmosphere 2021, 12, 92.
[CrossRef]

Rebello, S.; Anoopkumar, A.; Aneesh, E.M.; Sindhu, R.; Binod, P; Pandey, A. Sustainability and life cycle assessments of
lignocellulosic and algal pretreatments. Bioresour. Technol. 2019, 301, 122678. [CrossRef]

Parsons, S.; Allen, M.].; Chuck, C.J. Coproducts of algae and yeast-derived single cell oils: A critical review of their role in
improving biorefinery sustainability. Bioresour. Technol. 2020, 303, 122862. [CrossRef]

Liu, Y.; Cruz-Morales, P; Zargar, A.; Belcher, M.S.; Pang, B.; Englund, E.; Dan, Q.; Yin, K ; Keasling, J.D. Biofuels for a sustainable
future. Cell 2021, 184, 1636-1647. [CrossRef]

Koivisto, E.; Ladommatos, N.; Gold, M. The influence of various oxygenated functional groups in carbonyl and ether compounds
on compression ignition and exhaust gas emissions. Fuel 2015, 159, 697-711. [CrossRef]

Li, L.; Wang, J.; Wang, Z.; Liu, H. Combustion and emissions of compression ignition in a direct injection diesel engine fueled
with pentanol. Energy 2015, 80, 575-581. [CrossRef]

Li, L.; Wang, J.; Wang, Z.; Liu, H. Combustion and emission characteristics of diesel engine fueled with diesel /biodiesel/pentanol
fuel blends. Fuel 2015, 156, 211-218. [CrossRef]

Wei, L.; Cheung, C.S.; Huang, Z. Effect of n-pentanol addition on the combustion, performance and emission characteristics of a
direct-injection diesel engine. Energy 2014, 70, 172-180. [CrossRef]

Rakopoulos, D.C.; Rakopoulos, C.D.; Giakoumis, E.G. Impact of properties of vegetable oil, biodiesel, ethanol and n-butanol on
the combustion and emissions of turbocharged HDDI diesel engine operating under steafy and transient conditions. Fuel 2015,
156, 1-19. [CrossRef]

Pepiot-Desjardins, P; Pitsch, H.; Malhotra, R.; Kirby, S.R.; Boehman, A.L. Structural group analysis for soot reducion tendency of
oxygenated fuels. Combust. Flame 2008, 154, 191-205. [CrossRef]

Vallinayagam, R.; Vedharaj, S.; Yang, W.; Lee, P.; Chua, K.J.; Chou, S. Pine oil-biodiesel blends: A double biofuel strategy to
completely eliminate the use of diesel in a diesel engine. Appl. Energy 2013, 130, 466—473. [CrossRef]

Tutak, W.; Jamrozik, A.; Grab-Rogaliniski, K. The effect of RME-1-butanol blends on combustion, performance and emission of a
direct injection diesel engine. Energies 2021, 14, 2941. [CrossRef]

Goodrum, J. Volatility and boiling points of biodiesel from vegetable oils and tallow. Biomass Bioenergy 2002, 22, 205-211.
[CrossRef]

Lide, D.R. CRC Handbook of Chemistry and Physics, 1993-1994, 74th ed.; CRC Press: Boca Raton, FL, USA, 1993.

Labeckas, G.; Slavinskas, S.; Lus, T.; Klyus, O.; MaZeika, M. Combustion and performance parameters of a diesel engine operating
on ethanol-diesel blends. Sci. . Marit. Univ. Szcecin 2013, 36, 102-109.

Datta, A.; Mandal, B. Impact of alcohol addition to diesel on the performance combustion and emissions of a compression ignition
engine. Appl. Therm. Eng. 2016, 98, 670-682. [CrossRef]

Sayin, C. Engine performance and exhaust gas emissions of methanol and ethanol-diesel blends. Fuel 2010, 89, 3410-3415.
[CrossRef]


http://doi.org/10.3390/su12125032
http://doi.org/10.1016/j.rser.2021.111502
http://doi.org/10.1016/j.jclepro.2021.127937
http://doi.org/10.3390/su13010298
http://doi.org/10.1002/ese3.956
http://doi.org/10.5194/acp-16-71-2016
http://doi.org/10.1088/1742-6596/1515/4/042009
http://doi.org/10.1016/j.joei.2020.01.002
http://doi.org/10.1016/j.apenergy.2012.09.038
http://doi.org/10.1016/j.rser.2020.110665
http://doi.org/10.1088/1748-9326/ac146b
http://doi.org/10.1088/1748-9326/abc718
http://doi.org/10.3390/atmos12010092
http://doi.org/10.1016/j.biortech.2019.122678
http://doi.org/10.1016/j.biortech.2020.122862
http://doi.org/10.1016/j.cell.2021.01.052
http://doi.org/10.1016/j.fuel.2015.07.018
http://doi.org/10.1016/j.energy.2014.12.013
http://doi.org/10.1016/j.fuel.2015.04.048
http://doi.org/10.1016/j.energy.2014.03.106
http://doi.org/10.1016/j.fuel.2015.04.021
http://doi.org/10.1016/j.combustflame.2008.03.017
http://doi.org/10.1016/j.apenergy.2013.11.025
http://doi.org/10.3390/en14102941
http://doi.org/10.1016/S0961-9534(01)00074-5
http://doi.org/10.1016/j.applthermaleng.2015.12.047
http://doi.org/10.1016/j.fuel.2010.02.017

Int. |. Environ. Res. Public Health 2022, 19, 7637 18 of 18

33.

34.

35.

36.

37.

38.

Nanthagopal, K.; Kishna, R.S.; Atabani, A.E.; Al-Muhtaseb, A.H.; Kumar, G.; Ashok, B. A compressive review on the effects of
alcohols and nanoparticles as an oxygenated enhancer in compression ignition engine. Energy Convers. Manag. 2020, 203, 112244.
[CrossRef]

Atmanli, A.; Yilmaz, N. An experimental assessment on semi-low combustion using waste oil diesel /C3-C5 alcohol blends in a
diesel engine. Fuel 2019, 260, 116357. [CrossRef]

Yasin, M.H.M.; Mamat, R.; Yusop, A.F,; Rahim, R.; Aziz, A.; Shah, L.A. Fuel Physical Characteristics of Biodiesel Blend Fuels with
Alcohol as Additives. Procedia Eng. 2013, 53, 701-706. [CrossRef]

Rajak, U.; Nashine, P.; Verma, T.N. Characteristics of microalgae spirulina biodiesel with the impact of n-butanol addition to a CI
engine. Energy 2019, 189, 116311. [CrossRef]

Tiiccar, G.; ()zgﬁr, T.; Aydin, K. Effect of diesel- microalgae biodiesel-butanol blends on performance and emissions of diesel
engine. Fuel 2014, 132, 47-52. [CrossRef]

Devarajan, Y.; Munuswamy, D.; Nagappan, B.; Subbiah, G. Experimental assessment of performance and exhaust emission
characterstics of a diesel engine fuelled with Punnai biodiesel /butanol fuel blends. Pet. Sci. 2019, 16, 1471-1478. [CrossRef]


http://doi.org/10.1016/j.enconman.2019.112244
http://doi.org/10.1016/j.fuel.2019.116357
http://doi.org/10.1016/j.proeng.2013.02.091
http://doi.org/10.1016/j.energy.2019.116311
http://doi.org/10.1016/j.fuel.2014.04.074
http://doi.org/10.1007/s12182-019-00361-9

	Introduction 
	Materials and Methods 
	Engine Specification 
	Exhaust Gas Emission 
	Measuring Protocol 
	Adding of Oxygenates 
	Statistical Testing 

	Results 
	First Measuring Campaign 
	Nitrogen Oxide (NO) 
	Nitrogen Dioxide (NO2) 
	Particulate Matter (PM) 

	Second Measuring Campaign 
	Effect of Chain Length of Alcohols 
	Statistical Data Analysis When Adding Alcohol to Diesel 
	Addition of Oxygenates to Biodiesel 

	Discussion 
	Adding Oxygenates to Mineral Diesel 
	Effect of Alcohol Addition to Biodiesel and Diesel 

	Conclusions 
	References

