
energies

Article

The Impact on Emissions When an Engine Is Run on Fuel with
a High Heavy Alcohol Content

Lech J. Sitnik, Zbigniew J. Sroka and Monika Andrych-Zalewska *

����������
�������

Citation: Sitnik, L.J.; Sroka, Z.J.;

Andrych-Zalewska, M. The Impact

on Emissions When an Engine Is Run

on Fuel with a High Heavy Alcohol

Content. Energies 2021, 14, 41.

https://dx.doi.org/10.3390/

en14010041

Received: 19 November 2020

Accepted: 22 December 2020

Published: 23 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional claims

in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland. This

article is an open access article distributed

under the terms and conditions of the

Creative Commons Attribution (CC BY)

license (https://creativecommons.org/

licenses/by/4.0/).

Faculty of Mechanical Engineering, Wroclaw University of Science and Technology, 50-370 Wroclaw, Poland;
lech.sitnik@pwr.edu.pl (L.J.S.); zbigniew.sroka@pwr.edu.pl (Z.J.S.)
* Correspondence: monika.andrych@pwr.edu.pl; Tel.: +48-713477918

Abstract: This research reviews the impact on emissions from the engine fueled with the fuel
containing a large share of bio-components, in particular with 30% n-Butanol. The research was
carried out using a diesel engine. It has been shown that it is possible to achieve a double positive
ecological effect concerning CO2 emissions. There was a decrease in CO2 emission from the engine
with the fuel contained a significant share of bio-carbon. At the same time, NOx and Filter Smoke
Number (FSN) emissions have been reduced together (FSN in large percentage). Usually, if NOx

emissions are reduced, FSN increases, and vice versa. The paper shows also that the use of n-Butanol
(bio, but nonfood) in the future is more effective than larger amounts of higher fatty acids methyl
esters, although the full withdrawal of these esters seems unjustified.

Keywords: emissions; energy; IC engines; n-Butanol

1. Introduction

The main need now is to reduce emissions, most particularly from transport, which is
one of the main sectors of the economy.

A reduction in transport emissions can be achieved generally either through the
redesign of internal combustion engines or a change of fuel type. Redesigning the en-
gines need at least a dozen years of intensive research. The results of this work cannot
be implemented retrospectively, which means that, for the several decades needed to
achieve progress, emissions from engines of existing vehicles will remain at the same level.
Therefore, to reduce emissions, it will be necessary to first change the fuel.

In addition, all available forecasts indicate that vehicles with IC engines will be used
until at least 2050.

Currently, the main global emissions problem is CO2 emissions [1]. The main need
now is to reduce emissions, most particularly from transport, which is one of the main
sectors of the economy. The main transport emissions come from fuel combustion in
engines, and all available forecasts indicate, that vehicles with internal combustion engines
will be used until at least 2050.

A reduction in transport emissions can be achieved generally either through the
redesign of internal combustion engines [2] or a change of fuel type [3]. Redesigning the
engines need at least a dozen years of intensive research. The results of this redesign cannot
be implemented retrospectively, which means that for the decades to progress, emissions
from the engines of existing vehicles will remain at the same level. Therefore, in order
to reduce emissions, it will be first necessary to change the energy sources for operating
vehicles. Therefore, changing energy sources, by definition, cannot lead to an increase in
emissions, especially CO2.

The basis for reducing CO2 emissions from transport is the acquisition of energy for
the operation of vehicles from renewable sources. Using such sources for fuels achieving
means that the problem of emissions (especially CO2) can be solved immediately. But this
view is not common. The opinions [4] that advanced biofuels will not make a sizeable
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contribution to the energy balance in the near future are not isolated. Such opinions
probably result from the belief that progress in transport is possible only with the redesign
of engines and the further use of today’s fuels, i.e.,

• the use of alcohols (first of all ethanol) and their mixtures with petrol (up to 10% v/v),
• the use of fatty acids alcohol esters and their mixtures with diesel fuel (up to 10% v/v),
• the use of synthetic hydrocarbons produced from synthesis gas coming from biomass

(there are no reports of such a solution being used anywhere on an industrial scale).

However, work on the implementation of new sources of fuel acquisition was not
abandoned. Recently (for over 10 years) publications on the use of heavy alcohol, in partic-
ular butanol as an additive to fuels, have been published. In the meantime, a lot of work
on this topic has been created

In the above-mentioned period, over 110 publications on this subject were published.
In this study, 22 of them (mainly items from 2018–2020) are mentioned as those that may
be directly related to the discussed topic.

The interest in butanol results not only from its properties [5,6] as a fuel component
but also from its sources of origin [7–10].

The heavy alcohol compositions have of course some properties deviating from the
relevant standards [11,12], but it is possible to deal with these problems

The main issues arising from attempts to use, for example, butanol as an additive to a
new fuel, are engine efficiency and emissions.

In [13] are tested one cylinder diesel engine to study on the combustion process of
diesel (B00). For comparison diesel was mixed with n-butanol (B20) and also diesel with
n-butanol and 2-ethylhexyl nitrate (B20+EHN). The main parameter of interesting was
the soot emission. Authors conclude that the important factors are period of ignition
delay (ID), and combustion temperature in the cylinder. Research on the difference in
emissions showed, that ID plays a decisive role, first on all, in the reduction of CO and HC
emissions. The authors of [14] conclude, that among the blends with alcohol component,
revealed shorter ignition delay (by B20 and BU20 blends was slightly faster burning
initiation than by B00). Another conclusion was that, the butanol and ethanol blends can
be used without any modifications in the engine.

There are also relatively many publications on the emissions of an engine powered by
fuel mixtures with butanol. In [15] are reported a investigation with 10% (B10), 15% (B15)
and 20% (B20) blends of n-Butanol. The investigation are carry out at different speeds
loads of engine. The results show that the BSFC (Brake Specific Fuel Consumption) for fuel
blends is closer to this with neat diesel fuel, (at higher engine speeds and mixtures with
corrected cetane number). The exhaust smoke for blends is lower than for the neat diesel
fuel and blends without cetane number improver.

The main objective of the paper [16] is to investigate the possibility to use of algae
oil and butanol as alternate for fuels IC engines. The torque power, brake specific energy
consumption, CO, NO and HC emissions gets improved with butanol addition. CO2 and
NOx emissions are higher than by diesel fueling. The combustion, emissions and engine
performance by four mixtures of diesel-biodiesel-butanol have been investigated. The re-
sults are presented in [17]. Emissions for blends are reduced (CO by 55.55% to 70.37%;
smoke by 37.69% to 50.77%; and NOx by 3.37% to 8.55%) compared to diesel. In authors
opinion addition of butanol can be influenced of reduction in NOx emission.

Similar, in the [18] deals with the effects made by using various n-butanol-diesel blends
on the combustion, diesel engine emissions and performance. The results are achieved
only at 1800 rpm and 2500 rpm of engine. Similar to [16] four a diesel and n-Butanol fuel
blends are prepared. The mixtures preparing that is by pouring—in weight—4.65% (BD1),
9.30% (BD2), 13.95% (BD3), and 18.65% (BD4) n-Butanol to diesel fuel. At the same speeds
load characteristics of engine were taken. The changes in combustion, emissions of NOx,
CO, THC, smoke and engine efficiency was analyzed on comparative bases with diesel fuel.

In [19] are presented the investigation with iso-butanol and n-butanol as butanol-
acetone (BA) components mixture for diesel blend.
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Investigated was fuel spray, combustion, performance and engine emissions. It was
concluded that iso-BA-diesel blends leaded slight improvement in power and higher
burning pressure. n-BA blends resulted in lower UHC and NOx emission. Therefore,
using iso-BA and n-BA together, could be a suitable diesel blend to obtain of optimum in
engine performance.

Interesting experimentation are presented in [20]. On PCCI (premixed charged com-
pression/ignition combustion) engine mode were tested a diesel n-Butanol (B10, B20,
B30 and B40) blends. By high load operation, B40 provided 6.9%, 8.1%, 12.9% and 13.7%
higher brake thermal efficiency over B30, B20, B10 and diesel respectively but with small in-
crement in BSFC. Observed were CO and smoke emissions reduction. However, for higher
performance for lowering of HC and NO emissions, B40 seems better.

Based on tests under NEDC conditions (which was the norm until 2018), it was
found [21] that, alcohols produced from lignocellulosic or waste materials, as diesel fuel
component constitute a sustainable alternative for fossils ones. In general, including n-
Butanol as a blend component is beneficial for particulate emissions and engine perfor-
mance, but the blending is limited by start ability problems at very low ambient temperature.

From analyze of all above publications to notice is lack of implementation of any
investigated mixtures as fuels in vehicles operation and such investigations art and results
cannot lead to them. Of course, every novelty (even if it is the simplest) comes into use
quite slowly and reluctantly. However, must be there the other factors that are not often
taken into account for achieve such implementations aims.

The conclusions that follow from these publications analyses are not clear. On the
one hand, the use of butanol as a fuel component is attractive (because it may come from
biomass waste, but not from consumption one), on the other hand, it is not known whether
the intended progress will actually be achieved. In particular, it is not known whether
emission reductions (especially CO2) can be achieved and whether any differences in
emissions are significant. There is also no clear answer to the basic question of how fuel
consumption will develop, and this is a decisive factor when implementing new solutions.
These issues are extremely important taking into account that to achieve real progress
(in reducing emissions, especially CO2), it is necessary to achieve the bio-component
content in the fuel in amounts of several dozen percent. But how much bio-component
(and what) should be used to achieve, for example, several dozen percent reduction of CO2
is not known. The research method is not clear from the publications.

One of the reasons also for heavy alcohols not being implemented as fuel components
are there probably very different opinions regarding this solution. These diverse opinions
come from the lack of agreed research procedures. Used test procedures are very different,
In the cited literature it can be noted the testing by the max load (by changing the engine
revolutions) or by constant revolutions (and different loads), up to an incomplete European
Stationary Cycle (ESC) test.

It therefore makes sense to first standardize the research procedure.
The aim of this paper is to show the minimum procedural steps to complete the

assessment of the implementation of proposed solutions that involve new mixture as fuels
with a high heavy alcohol content.

It was, therefore, necessary to use the test procedure including engine tests on a test
bench (here ESC test [22]), recalculations of the measurement data, statistical analysis of
the obtained data, and determination of the significance of achieved differences before and
after the changes (different fuel mixtures in this case) were introduced.

In order to try to answer the question of what bio component should be used in the
future, tests were carried out using standard diesel fuel (which contains 7% rapeseed oil
methyl ester). This fuel was mixed with more of this ester and, for comparison, the standard
fuel was mixed with a greater amount of butanol. Calculations and statistical analysis, it is
possible to clearly indicate which type of blending may be meaningful. By the way in this
work, the attention is also drawn to the fact that completely opposing conclusions can be
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derived from the same measurement data, which may be one of the reasons for the very
diverse views as to the predicted effects of introducing this type of new “fuels”.

2. Experiment and Results

Materials: This paper presented the use of heavy alcohol (n-Butanol) as solvent of
standard diesel fuel. The standard diesel fuel in Europe contains nowadays 93% v/v of
hydrocarbons and 7% v/v of Fatty Acid Methyl Ester (FAME). This standard diesel fuel is
called here as “D”.

As the first fuel mixture for investigation used a D mixed with n-Butanol (D 70% v/v,
n-Butanol 30% v/v). This mixture is called here DB.

For comparison, another mixture was prepared. This mixture contains 70% v/v of D
and 30% of FAME. This mixture is called DF.

Because the D contains 7% v/v of FAME, DB contains (volumetric) 65.1% hydrocar-
bons, 4.9% FAME, and 30% n-Butanol.

For the same reason, DF contains 65.10% v/v of the hydrocarbons and 34.9% v/v
of FAME.

Volumetric compositions of achieved mixtures are presented in Figure 1.

Figure 1. Volumetric composition of fuel for experiments.

D, n-Butanol. and FAME, used in this study, were obtained commercially. The prop-
erties of each component are available on the internet. At the stage of research presented
in this work, no accurate determination of the properties of composed mixtures was per-
formed. It is of course possible (see examples in References [5]), but the purpose of this
work was to develop a complex of test methods and not to show the properties of a specific
fuel ready for putting into service for engines.

Prepared, under laboratory conditions, mixtures were supplied as fuel to the engine,
and the engine was investigated, under conditions of ESC test [22], on the dynamometer
test bank.

The ESC (European Stationary Cycle) test was introduced—Directive 1999/96/EC.
The ESC is a 13-mode, steady-state procedure [22].
The engine is tested on an engine dynamometer over modes as in Figure 2.
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Figure 2. European Stationary Cycle (ESC), 13 modes test, and research position.

The engine must be run for 2 min in each mode (except 1-st mode “Low idle” duration
4 min).

The required engine load and speed must be achieved within the first 20 s of each
mode duration.

The required speed, in each mode, shall be kept to ±50 rpm, and the specified torque
to ±2% of the maximum torque, at that mode speed.

The emissions are measured in each mode and then using a set of modes weighting fac-
tors, calculated over the test for achieve one value. This value is charcteristic and represent
for all test modes together and it is reported as the sum of test (ST). Particulate emissions
are sampled on a single filter in 13 modes (throughout the test).

Emission results must be expressed in g/kWh [22]
The engine speeds are defined as follows:

1. High speed (in the test) is defined as speed which occurs at 70% of the declared
maximum net power and is defined as “C” and nhi.

2. The free speed nlo shall be determined at 50% of the declared maximum net power.
It is referred to as “A” nlo. “B” is an intermediate value between A and C.

3. The engine speeds A, B, and C used during the test [22] are calculated from the formulas:

A = nlo + 0.25(nhi − nlo)
B = nlo + 0.50(nhi − nlo)
C = nlo + 0.75(nhi − nlo)

The ESC test is characterized by very high exhaust gas temperature values, result-
ing from high average engine load.

In Table 1, the engine parameters in its operation in the ESC test are given.

Table 1. Parameters of the investigated engine.

Type 4-cylinder in Line

Displacement 1968 cm3

Diameter 81 mm
Stroke 95.5 mm

Valves per cylinder 4
Compression ratio 18:1

Max. Power 103 kW by 4000 min−1

Max. Torque 320 Nm from RPM 1750 min−1 to RPM 2500 min−1

Fuel Diesel (EN 590) min 49 CN
Emissions standard EU4

The test bench was equipped with suitable measurement devices, i.e., electroni-
cally controlled electro-wire dynamometer (AVL), equipment for dynamic measurements
of fuel consumption meter (AVL), emissions meters (HORIBA), and others.
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Every test for each fuel and mixtures (D, DB, and DF) was repeated 6 times.
During the test, the following were measured:

• FC fuel consumption,
• NOx emissions,
• CO emissions,
• Smoke emissions as FSN (Filter Smoke Number),
• CO2 emissions.

For technical reasons (unfortunately), no hydrocarbon (HC) emissions in engine
exhaust were measured.

The fuel consumption (FC), after the test measurement, was converted to the brake-
specific fuel consumption (BSFC) expressed in [g/kWh]. Emissions of CO2, CO, and NOx
are expressed in [g/kWh].

Fuel consumption (or emissions) is in the test procedure in each of the separate test
modes measured, but for total test result evaluation the result for all test modes together is
important. Such value is a ST (Sum of Test), which is given as:

STn =
13

∑
i=1

(En,i
Ui
100

) (1)

where;
STn —Sum of Test for n-th parameter [g/kWh],
i—i-th test mode,
En,i —Emission of n-th component in i-th test mode [g/kWh],
Ui—Weight in i-th test mode [%].

Next, because each test was repeated 6 times, a simple statistical analysis (the six
values can be statistically treated as a sample from the general population) carry out was
possible. As a result of this statistical analysis, designated, among others:

• average,
• standard deviation,
• variance,
• and other statistical parameters.

The data for the comparison of engine parameters fed with prepared fuels are shown
in the next figures.

In Figure 3, a comparison of brake specific fuel consumption (BSFC) is shown. In these
drawings, BSFCav means the average value of brake specific fuel consumption, BSFCav + SD
is the average value plus standard deviation, and BSFCav-SD is the average value minus
standard deviation value.

Figure 3 shows the BSFC in each test mode and as ST. It can be seen that the differences,
when the engine is powered by each particular mixture, are small. The engine efficiency is
proportional to the BSFC. From Figure 3, it is, therefore, concluded that the efficiency by
feeding the engine with DB is a little bit higher than by feeding with D and, in opposition,
by feeding with DF, efficiency is a little bit smaller than by feeding with D. Whether these
differences are significant can be inferred after the next stage of statistical analysis.

Points on the graphs are arranged characteristically, encountered with the research of
engines. BSFC is the largest at low engine loads (here, mods 7, 9, 11). As the load increases,
the BSFC decreases (if RPM is constant).

Figure 3 shows the average values and the respective standard deviations. It can be
seen that the standard deviations are relatively narrow. The exception occurs only for test
mode 1 (the idling of the engine). It is noteworthy that by fueling with DB, the bigger
standard deviation for idle is not registered (unexpected).
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Figure 3. Fuel consumption (brake-specific fuel consumption (BSFC)) of the engine in ESC 13 mode
test fed with Diesel fuel (a), with DB fuel (b), and with DF fuel (c).

The values determined (respectively) for the entire test were given as ST (Sum of Test)
and are marked with the largest squares in the diagrams. Comparison of these values leads
to the conclusion that the differences are probably not important (more information about
the testing method of the significance of differences is given later in this work).
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The differences at individual modes of the test are not more than 12% (when the engine
is powered by BD) and not more than 17% (by DF). In a total of the test (ST), the BSFC at
the BD engine supply decreases by 0.02% and at the DF engine supply increases by 9.17%.
It is interesting that during idle, it is better to power the engine by BD.

It can be seen that the BSFC by DB feed is lower than by feeding with DF or with D
fuel. This is mainly due to the lower BSFC during the idle. In the test, the share of idle time
is 15%, which is relatively long. In some publications it has been noted that idling is not
included for consideration. As can be seen, this may lead to an erroneous evaluation of
the results.

In many publications also, it can be seen that the tests of engines are carried out only
at maximum loads. Such conditions occur here in test modes 2, 8, and 10.

It is clear here that at max load conditions, the lowest BSFC is by feeding with D fuel.
By feeding with DB, fuel consumption increased 0.45% to 8.50% (ST decreases about 0.02%).
By fueling with DF, average BSFC increases 4.75% to 10.05%, but by ST to 9.17%. On the
margin, it can be asked how often the engine works in a wide range of rotational speeds at
maximum load?

A similar erroneous evaluation can be seen when analyzing the BSFC by the constant
RPM (A, B, or C) and growing loads. The differences in BSFC in such conditions by
comparison to ST are clear. However, such conditions can be registered in reality by
exploiting the engine, for example, in power plant. In this case, the errors do not occur.

Similar to the earlier BSFC comparison, emissions of nitrogen oxides (NOx) were
compared (Figure 4).

The average emissions in each mode are arranged in a distinctive pattern. There are
not many test differences between the NOx emissions of the engine powered by the used
fuels. Especially, test results (as ST) differ around 2.5% (but in plus and minus), so they do
not differ much.

Other results are noticeable in each test mode. The differences occur −25% in test mode
9 by feeding with DB and +18.5% by feeding with DF in 11 test mode. Such differences can
be as bigger as expected.

At low loads, if the fuel contains more bio-component, there is a noticeable increase in
NOx emissions. However, the data show that at a constant speed, along with the increase
in load, there is a reduction in NOx emissions if the engine is fed with fuels with a higher
content of bio-component.

Analysis of differences by a max load of the engine in all tests produces an interesting
result. By feeding with DF, on basis of values by the max load can be rather supposed that
NOx emission decrease, but in the sum of test can be registered increasing.

Data regarding carbon monoxide (CO) emissions are shown here in Figure 5.

Figure 4. Cont.
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Figure 4. Emissions of NOx of engine in ESC 13 mode test fed with D (a), with DB fuel (b), and with
DF fuel (c).

Figure 5. Cont.
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Figure 5. Emissions of CO of engine in ESC 13 mode test fed with D (a), with DB fuel (b), and with
DF fuel (c).

CO emissions in the entire test (ST) are clearly higher when the engine is fed with DB,
because of an increase of more than 40%.

When fed with DF, CO emissions growth was not so much (ca 2.5%). The remarks
about the CO emissions data comparison are especially interesting in the case of the engine
fed with DB (n-Butanol content fuel.

Except the modes 1, 7, 9, and 13, a decrease in CO emissions in all other 9-th modes is
registered. The reductions are not so small, therefore, a total reduction of emissions in the
test could be expected. However, this does not happen. The reason lies in the fact that it is
necessary not only to take into account emissions but also the shares of individual modes
in the test.

Unfortunately, these research requirements are often not taken into account which,
as can be seen, can lead to misunderstandings in the interpretation of measurement results.

Figure 6 contains the results of appropriately developed smoke measurements.
Even without further analysis, it can be seen that the engine fed with both new fuels

has a positive effect here. The smoke pollution, in this case, is clearly lower.
By feeding the engine with DB, a reduction in FSN differ in test modes up about 56%

(test mode 1) to over 76% (test mode 7). By feeding the engine with DF fuel, results are also
good, but not as good as with DB.

Interestingly, the decrease in smoke opacity is recorded when the engine is idling and
at low loads.

If these results were confirmed in wider studies, an improvement in emissions would
be obtained, which is difficult to obtain in another way.

As it can be seen, when the engine is fed with fuel of higher bio-components content,
the reduction of smoke opacity is so great at each test mode that the analysis only at selected
of those does not lead to fundamental mistakes.

However, on the margin analyzing how the measurement results are arranged on
graph 9, it can be concluded that there is some similarity regardless of what fuel the engine
is powered with. However, this similarity is not as clear as for other parameters. Therefore,
it seems that further measurements of particle emissions should be carried out using more
adequate tools.

The correctness of CO2 emission measurements is visible in Figure 7.
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Figure 6. Emissions of smoke FSN of engine in ESC 13 mode test fed with D (a), DB fuel (b), and DF
fuel (c).

Figure 7. Cont.
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Figure 7. Emissions of CO2 of engine in ESC 13 mode test fed with D (a), with DB fuel (b), and with
DF fuel (c).

These emissions were determined in direct engine measurements on the test bench.
They are not suitable for the overall assessment of CO2 emissions. This analysis should be
done using LCA (Life Cycle Assessment). The engine emission results are only (but very
important) part of data for such LCA analysis.

It is interesting, however, that there is a relatively large dispersion of standard devia-
tion values (Figure 8).

Figure 8. Differences in averages by feeding the engine with DB vs. feeding with D fuel (in percent).
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CO2 emissions in the ST are lower when the engine is feed with DB fuel. This can be
explained by the fact that both higher fatty acids and alcohols have a structure in which for
each carbon atom there are more hydrogen atoms. In terms of reducing CO2 emissions,
the DB engine also has a direct positive effect.

The differences may not be seen as particularly large (up to above 12%), however, it is
positive that when the engine is fed with new mixtures, the differences can be registered
and they are positive (CO2 emissions are reduced). When the engine is supplied with
fuel containing n-Butanol, the difference appears to be more significant than with fuel
containing FAME as a bio-component.

From analysis by max engine load, the results in these conditions are better as achieved
in some of the tests.

The achieved data are illustrated in Figures 8 and 9. The differences in the individual
test modes and in the whole test (at ST) are clearly visible.

Figure 9. Differences in averages by feeding the engine with DF vs. feeding with D fuel (in percent).

Clear differences, i.e., those that exceed 20%, are visible in relation to emissions of CO
and FSN when engine fed DB or only in relation to FSN when the engine fed DF.

At this workplace, the question arises whether the differences actually recorded are
large or small and whether they are significant.

Such questions can be answered after statistical processing of measurement results.
The use of simple statistical methods for this purpose is shown below.

3. Statistical Verification

From the statistical point of view, the repeat of measurements 6 times did not give
a big sample number. It will be much better to have, for example, a thirty-element set.
However, with so small sets (as here), only a very simple analysis is possible.

Earlier, in Figures 3–7, averages of fuel consumption and emissions are given. Together
with these data, the deviation from the average, as a standard deviation, is shown. Both
values can be used to create the coefficient of deviation, that is the proportion of the
standard deviation to the average value. Such a coefficient is treated as a good tool for
assessing data dispersion. The corresponding calculations were, therefore, carried out. The
graphical presentation of the results of those calculations is presented in Figure 10.
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Figure 10. Values of the coefficient of variation in each test mode and in the sum of the ESC test (ST)
of engine fed with D fuel (a), with DB (b), and with DF (c).

It is noticed that a relatively small dispersion of the data occurs if the engine is fed
with standard diesel fuel. By feeding with DB, dispersion of data of CO emissions and also
by FSN are larger. By feeding the engine with DF, the dispersion is unexpectedly bigger
for FSN.

The reasons for this can be found in fuel mixtures homogeneity. It seems that the
investigated mixtures are generally homogeneous. This does not mean, however, that there
can be no deviation from this homogeneity in individual volumes of fuel. If the fuel
is ternary like DB, this may be likely. This issue requires further research (which will
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undoubtedly be conducted). Importantly, however, there is a math tool that can be used
for assessing of dispersion of engine burning process results.

With existing data scattering, which can be relatively large compared to the average,
the question is whether the recorded differences between the mean values are significant,
especially if these differences are not large. This topic in comparative studies (like here) is
particularly important.

To clarify this issue, a simple statistical method was used.
Only representative values analyzed for the entire test were (the sum of the test-ST)

referred here.
Every pair of ST is compared (engine is fed with D and ST if with DB in Tests no 1, 2,

3 etc. The same comparison was done for D and DF.
Thus, for each parameter (BSFC, NOx, etc.) and each fuels pair, a six-element set

is created.
This sets can be analyzed by using the statistical Student’s t-test.
The results of statistical calculations for comparison of the engine fed with D and DB

are presented in Table 2 as “Statistics”. Table 3 contains the data for comparison if the
engine fed D and DF.

Table 2. Statistical evaluation of achieved results by feeding the engine with DB fuel vs. feeding with
conventional diesel.

Differences in Sum of ESC Test Averages

BSFC NOx CO FSN

DB-D g/kWh DB-D g/kWh DB-D g/kWh DB-D

Test 1 10.38 −0.01 0.14 −0.35
Test 2 16.98 −0.07 0.23 −0.30
Test 3 −10.90 −0.05 0.24 −0.33
Test 4 9.73 −0.03 0.19 −0.34
Test 5 −6.35 −0.04 0.22 −0.31
Test 6 −20.14 −0.06 0.26 −0.33

Statistics

Average −0.0482 −0.0428 0.2133 −0.3271
Standard error 5.9310 0.0086 0.0168 0.0071

Median 1.6922 −0.0437 0.2253 −0.3273
Standard
deviation 14.5279 0.0210 0.0411 0.0175

Variance 211.0588 0.0004 0.0017 0.0003
Kurtosis −1.7971 0.6056 0.2555 −0.0639

Slang −0.2569 0.6692 −0.9990 −0.0393
Range 37.1193 0.0600 0.1111 0.0501

Minimum −20.1372 −0.0683 0.1450 −0.3524
Maximum 16.9821 −0.0083 0.2561 −0.3024

Sum −0.2890 −0.2568 1.2795 −1.9625
Counter 6 6 6 6

Confidence level
(95.0%) 15.2461 0.0221 0.0431 0.0183

Statistic of t-Student test values

t −0.01 4.99 12.72 45.86
tkr(0.05,5) 2.57 2.57 2.57 2.57

t < tkr t > tkr t > tkr t > tkr
Significance DNI DI DI DI
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Table 3. Statistical evaluation of achieved results by feeding the engine with DF fuel vs. fed with
conventional diesel.

Differences in Sum of ESC Test Averages

BSFC NOx CO FSN

DF-D DF-D DF-D
DF-Dg/kWh g/kWh g/kWh

Test 1 48.3374 0.0588 −0.0072 −0.1901
Test 2 25.4621 0.0054 0.0280 −0.1247
Test 3 3.3985 0.0238 0.0100 −0.1586
Test 4 41.8460 0.0487 0.0108 −0.1668
Test 5 29.7611 0.0364 0.0169 −0.1421
Test 6 3.9466 0.0296 0.0189 −0.1628

Statistics

Average 25.4586 0.0338 0.0129 −0.1575
Standard error 7.6592 0.0077 0.0048 0.0091

Median 27.6116 0.0330 0.0139 −0.1607
Standard
deviation 18.7612 0.0189 0.0118 0.0223

Variance 351.9821 0.0004 0.0001 0.0005
Kurtosis −1.7445 −0.1530 1.5892 0.3719

Slang −0.1924 −0.2181 −0.8148 0.0933
Range 44.9389 0.0534 0.0353 0.0654

Minimum 3.3985 0.0054 −0.0072 −0.1901
Maximum 48.3374 0.0588 0.0280 −0.1247

Sum 152.7517 0.2027 0.0775 −0.9450
Counter 6 6 6 6

Confidence level
(95.0%) 19.6887 0.0198 0.0124 0.0234

Statistic of t-Student test values

t= 3.32 4.39 2.67 17.27
tkr(0.05,5) 2.57 2.57 2.57 2.57

t > tkr t > tkr t > tkr t > tkr
DI DI DI DI

Two hypotheses were put forward:

• H0, that the values of the test differ significantly (then t | > tkr), Difference Impor-
tant (DI),

• H1, that the test values do not differ significantly (then t | < tkr), Difference Not
Important (DNI).

with
t—t-Student’s distribution value,
tkr—t-Student’s distribution critical value.
The same analysis was carried out for the result if the engine fed with DF mixture vs.

with conventional D fuel. The results are given in Table 3.
The differences in the test total (ST) and statistical verification of their significance are

given in Figure 11.
The lowering of BSFC by 0.02% is not significant, which is understandable, but the

change in the NOx emission only by about 2% or 2.5% is important, fully unexpected,
and interesting. The same applies to a 2.6% growth in CO emissions (engine fed with DF).
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Figure 11. Differences in ESC test results by feeding the investigated engine with both mixtures in
comparison to feeding with standard diesel fuel.

For the aim of such type of work (as here), it is important to know if by changing
the fuel the lowering of CO2 emission can be expected. Figure 12 is showing that by
feeding with DB it is possible to achieve a small (6% but significant) lowering emission of
CO2 in engine exhaust. The engine fed with DF also lead to lowering the CO2 emission
(0.3%) in exhaust, but that is not significant. However, CO2 emissions from the engine
are not reliable for solving the global emissions problem. Here, it is more interesting if,
when adding an additive from renewable resources to the fuel, as long as the consumption
of fuel components from non-renewable resources (mineral hydrocarbons) can be reduced.

Figure 12. Percentage by relative mass of components in fuels consumed in the ESC test.

4. CO2 Emissions Lowering by the Fuel Composed with Bigger Amount of
Bio-Components

Vehicle fuels are sold by volume (in liters or gallons). All chemical reactions (in-
cluding combustion of fuels) take place in mass proportions. It is important to assess
how much of the conventional hydrocarbon mass (without additives) can be replaced by
the mass of bio-components. This can also be expressed with an equivalent question—if
bio-additives are introduced into conventional mineral fuel, then how will the share of
mass of hydrocarbons (derived from crude oil) change in order to achieve the assumed
energy effect. By using test results in line with the ESC test requirements, such a question
is relatively easy to answer.

DB or DF fuel in 34.9% (v/v) of fractions are derived from renewable resources,
therefore, they are (should be) at least neutral in terms of CO2 emissions. The use of such
fuel components would be a major step in reducing CO2 emissions, which would have a
positive influence on the greenhouse effect.
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Relative proportions in mass fuel consumption to achieve the same energy effect
are shown in Figure 12. The absolute values of mass fuel consumption (BSFC) are given
in Figure 3.

As it is shown, the mass proportion of components of used fuels are also different.
Assuming that the use of bio-components is at least neutral due to the CO2 balance,

it becomes important as long as the mass of fuel components coming from non-renewable
sources is reduced.

The percentages are shown in Figure 12.
The lowering of the mass of hydrocarbons (to achieve the same energy effect) is

different. The mass of hydrocarbons reduction is mostly greater by feeding the engine with
DB, which is unexpected. About 28% reductions achieved.

It is noteworthy that the mass consumption of DF vs. consumption of D fuel is more
than 9%. That lead together also with the rise of HC fuels consumption and as result the
effect of using the DF lead to the total reduction of hydrocarbons consumption by mas
“only” around 22% (for achieving the same energy effect).

By using the fuel with 34.9% (v/v) bioagent mixture (4.9% v/v FAME plus 30% v/v
n-Butanol in full volume of DB), we can expect about 28% m/m (mass) reduction of
hydrocarbons from nonrenewable sources. Contrarily, by using the fuel with 34.9% (v/v)
FAME as bioagent in the full volume of DF, the HC fuels mass reduction in consumed fuel
around is 22% m/m.

By coming back to Figure 2, then it will be supposed that more bioagent must be
led to the potential lowering of CO2 emissions in the same proportion as the volumetric
minimalization of hydrocarbons (from non-renewable sources) in fuel content.

However, the mass proportions of bioagents in fuel compositions differ from the
volumetric proportions.

Therefore, solving the problem of greenhouse CO2 reduction is not so simple as
expected earlier.

It is not enough to compose the fuel from the agents from renewable sources content.
The result does not necessarily have to be proportional to the amount of bio-compounds in
fuel composition.

Critical parameters are the amount of bio-compounds and also the chemical structure
and burning possibility of the achieved mixture in the engine. This leads to achieve the
CO2 lowering aims nonlinearly.

It is worth emphasizing here that if the engine is powered by DB fuel, the efficiency of
energy use of this fuel increases (BSFC is smaller). Statistically, it is meaningless but eco-
nomically it is significant. On the other hand, if the engine is powered by DF, the efficiency
of energy use of this fuel decreases. Statistically, this is significant. It seems that it may be
also economically significant, but unfortunately negative. The reason for not introducing
such (expensive) bio-components into fuels on a larger scale is slowly becoming clear.
Statistically, this change is significant. It seems that it may be economically significant.

5. Conclusions

The main need now around the World is to reduce emissions, including from transport,
which is one of the main sectors of the economy.

All available forecasts indicate that until at least 2050 diesel fuel will be used in the
transport of vehicles with IC engines.

Currently, the main global emissions problem is CO2 emissions.
The basis for reducing CO2 emissions from transport is the acquisition of energy for

vehicles operation from renewable sources. Using such fuels means that the problem of
emissions (especially CO2) can be solved immediately.

This paper presents the possibility of using heavy alcohols in a bigger amount
(30% v/v) as a component of fuels for a diesel engine. The use of bio-components in
higher concentrations in fuels is not reported in the literature on the subject.

One of the reasons for this is probably very different opinions regarding this solution.
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These diverse opinions come from the lack of agreed research procedures.
The aim of this paper is to show minimum procedure steps to achieve the assessment

of the implementation of proposed solutions involving new mixtures of fuels with high
heavy alcohol content.

The test procedure used included; engine tests on test bench, recalculations of the
measurement data, statistically analysis of the obtained dispersions and determination of
significance of achieved differences before and after the changes were introduced.

A relevant procedure was presented to assess using of two mixtures with bio-components.
Test mixtures were composed of a standard diesel (B7), composing of 7% v/v of Fatty

Acid Methyl Ester (FAME) with a bio agent 30% v/v added to it. In the first case, n-Butanol
(the obtained mixture is called as DB), and for comparison, in the second case FAME used
(achieved mixture called here as DF).

Despite the addition of n-Butanol (which has a lower density), BSFC remained at a
similar level as by use of B7 diesel (a negligible decrease in BSFC by 0.02% was noted,
Figure 3). After the addition of FAME (which has a higher density like diesel), a significant
increase in BSFC by 9.17% was noted (Figure 3). The reason may be the incomplete
combustion of DF.

After the addition of n-Butanol, there is a not very large but significant NOx emission
lowering it is noticeable (−2.59%, Figure 4). Contrarily, the addition of FAME did not lower
the emission much, (which was up to 2.05%), but it is statistically important. The reason
here is that probably the earlier evaporation of butanol led to the lowering of burning
temperature and then lowering of NOx formation.

Important growth (40.54%) of CO emissions (Figure 5) and in the same time small
decrease in fuel consumption (Figure 3) by adding of n-Butanol may indicate that the
combustion process still has reserves for its optimization. The present investigation was
carried out without any interference in the engine control system (created for supplying
with diesel fuel).

An increase in the CO emissions by 2.59% (Figure 5) with the addition of FAME is
statistically significant.

Large drops in smoke opacity, which was noted here (Figure 6), were not expected for
both fuels—especially a 64.46% decrease in FSN with the addition of n-Butanol is something
extraordinary. Usually, a reduction in FSN is noted but with a simultaneous increase in
NOx emissions. There was nothing like that here. The ways to achieve a reduction of PM
and NOx together are very understood.

A 6.11% reduction in CO2 emissions from the exhaust gas of an n-Butanol content fuel
fed engine (Figure 7) may not matter as much as the simultaneous replacement of 27.91%
of hydrocarbons from non-renewable resources with this component. However, it must be
at the same time stated that the large FAME addition did not lead to this state.

The key conclusions are:

• It is possible to lower emissions from engines by using the n-Butanol as a large scale
diesel fuel component

• A double positive ecological effect can be obtained—a decrease in CO2 emission
from the engine and at the same time because the fuel contained a significant share
of bio-carbon.

• NOx and FSN emissions can be reduced together (FSN in higher percentage); usually,
if NOx emissions are reduced, FSN increases, and vice versa.

• If the research is carried out using an appropriately advanced procedure, it can
be shown that the use in future of heavy bio alcohol (bio n-Butanol) makes more
sense than today’s widespread use of bio esters of higher fatty acids, although the
withdrawal of these esters is not justified.
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