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Abstract: The proposed changes to the legislation on diesel cars require intensification of work on the
possibilities of reducing emissions of harmful substances into the atmosphere by these vehicles. The
subject of experimental research included in the manuscript was the Skoda Octavia with a 1.9 TDI
(turbocharged direct injection) compression ignition engine (type 1Z). Light absorption measurements
of smokiness of the exhaust gases emitted after combustion of various biofuels (conventional diesel,
pure hydrotreated vegetable oil, hydrotreated vegetable oil, biobutanol) and their blends with fossil
diesel fuel were studied. The measured light absorption coefficient is the reciprocal of the thickness
of the layer, after passing through which the light has a ten times lower intensity. Its unit is the
reciprocal of the meter (1/m or m~1). The results obtained by means of a standard smokiness meter
indicate that the use of biofuels or their blends, in general, reduces smoke formation.

Keywords: vehicle; biofuel; diagnostic

1. Introduction

Emission of harmful exhaust gases is a subject that has accompanied us for years [1-3].
These efforts are particularly highlighted when the next state-of-the-environment reports
are published. According to SNAP (Selected Nomenclature for sources of Air Pollution),
eleven emission source categories are distinguished: combustion processes in the energy
production and transformation sector, combustion processes in the municipal and resi-
dential sectors, combustion processes in industry, production processes, extraction and
distribution of fossil fuels, use of solvents and other products, road transport, other vehi-
cles and equipment, waste management, agriculture, and other emission and abatement
sources [4]. However, to a large extent, policy makers focus primarily on the transport
sector [5-7].

The transport sector is responsible for almost a quarter of all global greenhouse gas
(GHG) emissions and is a major contributor to air pollution in urban areas [8,9]. Achieving
climate neutrality for cars and their factories requires manufacturers to spend billions of
dollars, great determination, and the ability to comprehensively analyse issues and impacts
on sustainability [10-12]. Consistent action by producer groups brings tangible results in
the form of millions of tonnes of carbon dioxide and other pollutants that do not reach the
atmosphere. It is not only emissions from car exhaust pipes that have an impact on the en-
vironment [13-15]. Compounds released during tyre wear during driving are also harmful.
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Moreover, during braking, the brake discs emit solid particles; this can be eliminated by
introducing an electrical component into the drive systems, permitting regenerative braking
with an electric motor, which largely replaces the conventional braking system [16,17]. The
issues of so-called secondary dusting are also important. A moving car blasts into the air
what lies on the roadway: nitrogen oxides, carbon, benzene compounds, heavy metals, and
aromatic hydrocarbons. Carbon dioxide and monoxide, nitrogen oxides, sulphur dioxide,
and dust are also produced in the power plant production process necessary for steelworks
and factories. Therefore, the way in which this energy is obtained is also crucial [18-20].

The operation of any internal combustion engine is associated with the emission of a
certain amount of harmful substances [21,22]. Their maximum content in exhaust gases
is determined by the relevant standards, which are set separately for petrol and diesel
units [23,24].

Emission standards are the limits set by the European Union for the emission of
harmful substances in the exhaust gases, which are imposed on new cars sold in the EU
and the European Economic Area. The first Euro 1 standard was introduced in 1993 and the
new Euro 7 emission standard is planned for early 2025. Each of the successive standards
introduced lowered the limit value for emissions into the atmosphere. Information about
the emission standard of the car is contained in the vehicle documents and visible on the
sticker located in the door opening next to the driver’s seat. This is important not only from
the point of view of environmental awareness, but also from the point of view of clean
transport zones in cities [25,26].

Compression ignition engines differ, compared to spark ignition engines, in the way
the mixture is prepared, its combustion, and the type of fuel used. The consequence of these
differences is different values of the combustion parameters and different composition and
concentration of the main components of the exhaust gas [27-29].

Currently, work on second-generation biofuels (e.g., cellulosic ethanol, biohydrogen,
biomethanol) and third-generation biofuels (e.g., biofuels produced from algae and other
micro-organisms) is continuing in many research centres around the world. One way to
reduce the environmental impact of toxic components of exhaust gases is to use fuels of
plant origin [30-32].

Studies of exhaust emissions, composition of engine exhaust gases, and level of smoke
are the subject of many scientific papers. A review of the analysis of performance and
emission characteristics of a diesel engine fuelled by different gaseous fuels and biofuels
was carried out in [33]. Modification of diesel with oxide nanoparticles to investigate its
effect on engine behaviour was the subject of research in [34]. A multi-objective optimisation
test of performance, combustion, and emissions characteristics of a diesel engine fuelled
with diesel, kerosene, and ethanol was the subject of research in [35].

Due to its specific physicochemical properties, butanol is listed among the potential
successors of ethanol. Butanol is an alcohol that can be produced either by petrochemical
processes or by biomass fermentation and, therefore, from renewable sources (biobutanol).

Butanol is found in the form of four isomers: n-butanol, sec-butanol, isobutanol, and
tert-butanol, differing from each other in both the location of the hydroxyl group and the
structure of the hydrocarbon chain (simple or branched). Isobutanol, due to its fairly high
octane number, is a component of gasoline (the normative requirements allow its content
in petrol up to 10% (v/v)). Tert-butanol is used as an additive to gasoline, increasing the
octane number. N-butanol is used as an intermediate for organic synthesis, an additive
for oils, and a raw material for the production of solvents and co-solvents. This isomer is
also most commonly used for testing applications in compression ignition engines. The
advantage of butanol is the ability to use blends with petroleum fuels with a higher alcohol
content (up to 40%) without engine modification [33-35].

Among the fuels on which laboratory tests are ongoing is HVO (hydrogenated veg-
etable oil). HVO emits 90% less carbon dioxide, 30% less particulate matter, and 9% less
nitric oxide compared to conventional diesel. The basis for its production is waste of
vegetable origin, such as leftovers of vegetables and fruits or even expired margarine. HVO
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can be sold as pure HVO100 or blended with conventional diesel in various proportions,
e.g., HVO30, HVO50, etc. In pure form, it reduces CO, emissions by approx. 90% [36,37].

As a result of a technical fault or exploitation, the engine of a car may emit an above-
average amount of harmful substances. Detecting deviations from the standards adopted
in this area is the task of vehicle inspection stations, which are currently obliged to check
exhaust emissions during the periodic technical inspection. Depending on the type of drive
unit, not only the measurement methods and measuring equipment but also the measured
parameters are different.

Gasoline cars use a high-precision analyser to measure carbon monoxide (CO), carbon
dioxide (CO;), oxygen (O,), and hydrocarbons (CH), as well as to calculate the lambda
coefficient (A) for the composition of the fuel-air mixture that burns in the cylinders.

In the case of cars equipped with compression ignition engines, a device named
an opacimeter is used to measure the so-called light absorption coefficient. During the
periodical technical inspection, exhaust smoke control shall be carried out by means of
a free acceleration test, which is reduced to measuring the maximum smoke occurring
during free acceleration of the engine from idle speed to maximum speed. The smoke that
occurs during the free acceleration test is assumed to be comparable to the smoke at the
highest engine torque.

Nitrogen oxides (NOx) and particulate matter (PM) are the main toxic components
in the exhaust gas of compression ignition engines. Particulate matter (PM) emissions are
specific to compression ignition engines and result from the properties of the fuel used, the
combustion process, and the formation of a combustible mixture. The measurement of the
correctness of the combustion process in a compression ignition engine is the smoke of the
exhaust gases. Exhaust smoke is the result of the presence of particulate matter (mainly
black smoke), hydrocarbons (blue smoke), and water vapour (white smoke). The exhaust
smoke measurement for diagnostic purposes shall be carried out with the vehicle stationary,
with the gear lever in the neutral position, while the engine is running in free gear using
the free acceleration method. The parking brake should be engaged. The setting of the fuel
dose adjustment screw of the injection pump shall be as recommended by the manufacturer.

One of the fundamental issues in assessing air quality is the concentration of particulate
matter. Particulate matter is a term generally used for a type of air pollution consisting
of a complex of different mixtures of suspended particles that vary in size, composition,
and location of formation. The basic distribution of particulate matter results from their
aerodynamic diameter, which allowed the determination of two main groups: PM2.5 and
PM10 (particulate matter) for diameters smaller than 2.5 pm and 10 um, respectively. PN is
the particle number (PN).

All exhaust components from complete and incomplete combustion of motor fuels
shall be transparent and colourless. Incorrect combustion of the mixture is evidenced by the
emission of opaque exhaust gases of a specified colour into the environment by the engine
in operation. Exhaust gases become discoloured as a result of incomplete combustion
of fuel. The products of such combustion are coal in the form of fine soot particles and
unburned hydrocarbons and water vapour condensing in the exhaust pipe. Soot is not
present in pure form. It absorbs large quantities of hydrocarbons and is, therefore, a very
toxic component of exhaust gases, mainly in compression ignition engines. The colour
of the exhaust gases and the degree of their blackening allow to determine with a high
probability the type of underwriting and the degree of engine wear [38—40].

The aim of the study, the results of which are presented in the manuscript, was to anal-
yse the exhaust smoke and the concentration of particulate matter (PM) emitted by a diesel
vehicle. The subject of the research was the Skoda Octavia with a 1.9 TDI (turbocharged
direct injection) compression ignition engine (type 1Z) powered by 5 different fuels and
their mixtures: conventional diesel (labelled as D100), pure hydrotreated vegetable oil
(labelled as HVO100), hydrotreated vegetable oil and biobutanol mixtures (95/5, 90/10, and
80/20 (% vol/% vol)), and blends (labelled as HVOB5, HVOB10, and HVOB20). For better
lubricity, castor oil (accounting for 5% of biobutanol volume) was added as an additive
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to biobutanol blends. Experimental tests were carried out using the MAHA LPS 2000 test
stand and with the ROSS-TECH VCDS vehicle diagnostic device.

For many years, the authors of this manuscript have been studying the application
of very different compositions of fuel mixtures (Petrol 95, ethanol, methanol, DME, CNG,
LPG, diesel FAME, rapeseed oil butanol), taking into account both engine type and vehicle
type [41-45]. The tests carried out are laboratory tests performed on measuring stations and
tests performed using computer simulations (based on hourly fuel consumption character-
istics, g/kWh). For studies based on computer simulations, the author’s computational
tools are based on neural networks, and the results of the studies must always be analysed
in the context of laboratory studies. Taking into account the very broad context of the
research carried out in the context of the composition of fuel mixtures, the vehicle brand is
taken into account. This is relevant in the context of driving tests, where the emissions of
pollutants from the vehicle into the atmosphere are analysed in the context of permissible
limits (taking into account additional vehicle equipment, e.g., air conditioning, heated
seats). In addition, not only exhaust emissions but also water vapour emissions from the
vehicle’s exhaust system are analysed in the data presented by the authors.

2. Materials and Methods

Tests were conducted using the Skoda Octavia with a 1.9 TDI (turbocharged direct in-
jection) compression ignition engine (type 1Z), with 4 cylinders, 1896 cm® displacement TDI
(type—1Z) compression ignition engine. Maximum power of engine: 66 kW at 4000 rpm.
Maximum torque: 182 Nm at 1900 rpm. Detailed technical data of the 1.9 TDI engine are
listed in Table 1 [46].

Table 1. The main parameters of the test engine (1.9 TDI type: 1Z) [46].

Parameter Value
Engine type—number of cylinders Inline 4
Engine code ALH
Fuel type Diesel
Engine alignment Transverse
Engine displacement 1896 cm?
Bore x stroke 79.5 x 95.5 mm
Number of valves 8 valves
Aspiration Turbo
Maximum power 66 kW (4000 rpm)
Maximum torque 210 Nm (1900 rpm)
Drive wheels FWD
Piston diameter, mm 79.5 mm
Piston stroke, mm 95.5 mm
Compression ratio 19.5
Displacement 1896 cm?
Number of cylinders 4/0OHC
Fuel injection Direct (single)
Nozzle type Hole-type
Nozzle opening pressure 190 bar
Nozzle and holder assembly Two-spring
Cooling system type Liquid cooling
Transmission gearbox—number of Speeds 5-speed manual

Using computerized vehicle test bench, MAHA LPS 2000 (Table 2) was established
testing vehicle engines’ (Skoda Octavia with 1.9 TDI diesel, type 1Z) torque and power
(Figure 1).

Vehicle test bench has options to make measurements using any gear, with selected
load or calculated driving resistance. The load for vehicle is generated by an electromagnetic
brake which converts the mechanical energy of the engine transmitted to the wheels into
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Blower fan

Control unit

thermal energy and radiates it outwards. Vehicle load bench technical parameters are listed
in Table 2.

Table 2. The main parameters of vehicle load bench (MAHA LPS 2000) [47].

Parameter Value
Load equipment Electromagnetic brake
Rate adjustment limits 260
Maximum measuring load 6 kN (attractive force)
Maximum break power, kW 260
Measurement error +2

Display

counter

\ Fastening

Test bench

Figure 1. Laboratory test equipment.

During experimental tests, car diagnostic device ROSS-TECH VCDS was used, in
addition to device scan data using OBDII connection from electronic control unit (ECU) to
measure the following: fuel consumption, turbocharger pressure, fuel injection timing. Data
from the car diagnostic device ROSS-TECH VCDS were recorded at ~2.5 s interval [48-50].

Analysing engine ECU (electronic control unit) data, we observed that recorded data
points are sent in separate blocks and are not exactly synchronized in time (engine speed
(rpm), cyclic fuel quantity (mg/cycl), cyclic air mass (mg/cycl), fuel injection timing
(°BTDC), turbocharger pressure (mbar), or fuel injection timing (mg/cycl).

Experimental tests were carried out three times using vehicle test bench MAHA LPS
2000. Engine external speed characteristic was measured using the ECU data recorded by
the car diagnostic device ROSS-TECH VCDS.

Emission of diesel cars is estimated using two different methods: measuring exhaust
gas smoke and particle matter (PM) concentration. Smoke measured with a smoke detector
CET2200C, which determines light absorption coefficient, showing how much light is
emitted by the light installed in the meter source, is absorbed by the smoke emitted from
the vehicle. Smoke meter measurement limits are 0-99.99 m~! and accuracy is 0.01 m~!.

Particulate matter (PN) emissions from vehicles equipped with particulate filters are
very low. Particulate number measurements in the exhaust gas are carried out on diluted
(PEMS, portable emissions measurement systems) or solid exhaust gas. Particles with a
nominal diameter of 23 nm to 2.5 um shall be measured. PEMS measures raw exhaust
gases with all related challenges (e.g., condensation, instrument wear). The legal basis for
the analysis of PNs are: UN/ECE Global Technical Regulation No. 15; UNECE Regulation
No. 83; Regulation (EC) No. 715/2007—EC 692 /2008 [51-53].



Energies 2023, 16, 3682

6 of 16

Before each measurement is checked, engine is warmed up to normal operating
temperature. The exhaust system is accelerated at least three times from the minimum
idle speed to the limiter limited speed. The smoke of the exhaust gas measured when the
engine is allowed to accelerate, free from load, from minimum idle speed to the limiter
limited speed. Before each free acceleration cycle, the engine and turbocharger must be
running at steady minimum idle speeds not less than 15 s. Each free acceleration, the cycle
starts quickly and consistently so that the fuel injection operates at maximum efficiency.
During the free acceleration cycle, before the accelerator pedal is released, the engine must
reach the speed limit frequency.

The concentration of particle matters in the exhaust gas was measured immediately
after measuring the smoke, with the engine running at idle speed, using the PM concen-
tration counter P-Trak ultrafine particle counter 8525. The technical parameters of the PM
counter are presented in Table 3.

Table 3. PM concentration counter P-Trak parameters.

Parameter Value
Concentration range 0-500,000 pcs/ cm’
Aerodynamic PM diameter range 0.02-1 pm
Temperature range —40-70 °C
Intake air flow approximately 100 cm®/min
Device memory 470 points
Type of alcohol used 100% isopropanol

The PM counter only detects very fine PM (particles with an aerodynamic diameter
of 0.02-1 pm). In the device, we installed a pump, data processing equipment, a cartridge
containing isopropanol, and a telescopic probe. In the cassette, the required level of
isopropanol must be maintained. This technical fluid ensures the detection of the smallest
microscopic particles. PM increases significantly when it flows through isopropanol.

Experimental tests were carried out using 5 different fuels and blends: conven-
tional diesel (labelled as D100), pure hydrotreated vegetable oil (labelled as HVO100),
hydrotreated vegetable oil and biobutanol mixtures (95/5, 90/10, and 80/20 (% vol/% vol)),
and blends (labelled as HVOB5, HVOB10, and HVOB20). For better lubricity, castor oil
(accounting for 5% of biobutanol volume) was added as an additive to biobutanol blends.
Properties of pure fuels were analysed and are presented in Tables 4 and 5.

Table 4. Properties of 100% pure diesel, hydrotreated vegetable oil, biobutanol, and castor oil [54-60].

Parameter Diesel Hydrotreated Vegetable Oil Biobutanol Castor Oil
Density at 15 °C, kg/rn3 835.2 779.1 810.0 964.4
El(e;“f;::s‘)“g‘fbl;fn 86.50 84.80 65.00 73.80
Hydrogen 13.40 15.30 13.55 11.50
Oxygen 0.0 0.0 21.50 14.85
Stoichiometric AFR 14.79 15.18 11.30 11.91
Cetane number 51 70 18 28
Lower heating value, MJ/kg 43.09 44.9 33.3 43.1
Lower heating value, MJ/1 36.90 34.10 26.71 39.81
Purity, % N/A N/A 99.5 100
Orlean Lietuva, Neste, Carl Roth GmbH, Biochemlit,

Manufacturer, country

Lithuania Finland Germany Lithuania
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Table 5. Properties of fuel mixtures.

Properties HVOB5 HVOB10 HVOB20
Density at 15° C, kg/m? 780.5 782.4 786.4
Element composition: (% mass): carbon 83.45 82.55 80.58
Hydrogen 15.32 15.25 15.03
Oxygen 1.11 2.21 441
Stoichiometric AFR 14.99 14.77 14.38
Cetane number 67.3 64.7 59.3
Lower heating value, MJ/kg 43.55 4298 41.88
Lower heating value, MJ/L 33.98 33.64 32.93

Because the use of biobutanol deteriorates the lubrication properties of the fuel mixture,
it is necessary to use certain specialized fuel additives or a fuel component that provides
lubrication. Because the use of specialized additives is expensive and requires special
compatibility studies, castor oil was chosen as a cheap lubricating alternative.

All physicochemical fuel parameters have been verified on the basis of data found in
the literature and fuel characteristics provided by their manufacturer [54-60].

3. Results

The results obtained during the study allow us to justify the perspectives of second-
generation biofuels, taking into account the amount of smokiness and PN. When examining
the smokiness values (Figure 2), its decrease is noticeable compared to standard diesel.

0.60

0.50

0.40

Smoke, m !

0.30
0.20
0.10 I
0.00

D100 HVOI100 HVOB5 HVOBI0O HVOB20 D100

Before
tests

Figure 2. Smoke readings using different biofuel blends.

Alter tests

The information shown in Figures 2-5 is visually complementary. Its purpose is to
show the differences in the fuel mixtures analysed.
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D100 HVO100 HVOB5 HVOB10 HVOB20 D10
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Figure 3. Scattering of smoke readings using different biofuel blends.

160,000
140,000

120,000
100,000
80,000
60,000
40,000
20,000
0

D100 HVO100 HVOB5> HVOB10 HVOB20 D100
Before Alter tests
tests

PN, particle /cm3

Figure 4. PN readings using various biofuel blends.

The smokiness values tended to be highest when using standard diesel (in this com-
parison, for the time being we will use the data from D100 Before Tests). Using second-
generation biodiesel HVO100 as fuel reduced smokiness by 40%. This was because of
the better combustion process of HVO 100 due to the additional oxygen contained in it.
With the addition of biobutanol, smokiness reduction trends increased even more. As the
concentration of biobutanol in HVO fuel increases, a significant decrease in smokiness
trends can be seen (comparing the HVOB20 mixtures with HVO100 (36%) and with D100
(60%)). This was due to the oxygen present in biobutanol, which further initiated the
improvement of the combustion process; this was also observed in other works by the
authors. A small addition of biobutanol (up to 5%) had no significant effect on the smoke
values. Another interesting effect occurred when measuring smokiness using diesel after
tests with biofuel blends. The use of biofuel mixtures promotes the cleaning of the exhaust
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system with the reduction of smog emissions, and the effect when fueling diesel (D100
After Tests) compared to D100 Before Tests reached 18%.

180,000 7
e 160,000+
& ] .
@]
)
< 140,000- T
5 - i E—
N 120,0004
% |
(ol : | 1L
100,000 :
80,000 |
D100 HVO100 HVOB5 HVOBI0 HVOB20 D100
Before tests After tests

Figure 5. Scattering of PN readings using different biofuel blends.

Such smoke values show a sufficient motivation to use biofuels from an environmental
point of view. However, if we examine the smoke dispersion values obtained during the
tests (Figure 3), it can be stated that only a higher amount of biobutanol (up to 20% HVOB20
mixture) reduces the smoke dispersion limits (quartile range was 0.3 m~1).

Both the D100 Before Tests and HVO100, HVOB5, and HVOBI10 generated a similar
quartile field of results, which reached 0.4-0.1 m~!. Such a spread of smokiness is acceptable
when evaluating real steady car test conditions. After the biofuel tests using diesel again
(D100 After Tests), the dispersion of the results was the highest and reached 0.19 m~!. Such
scattering allows us to say that although the exhaust system is cleaned, this effect causes the
reduction of smogginess to decrease very quickly, leading us to believe that during further
exploitation it will return to the original values of diesel smogginess (D100 Before Tests).

Examining the total concentration of PN (range 0.02 to 1 um) shows a different result
than when examining smokiness. The highest PN value was observed with HVO 100 fuel.
This can be explained by the better volatility properties of these fuels, as these fuels have a
smaller weight fraction compared to diesel. However, the concentration of PN decreased
with the use of biobutanol. Such a decrease can raise two main hypotheses. The first would
be that biobutanol changes the physical properties of HVO during chemical reactions,
allowing the formation of derivatives of a heavier fraction. Another hypothesis would be
that the measuring device cannot register smaller particles and they are eliminated from
the scoreboard. Seemingly, cardinal hypotheses allow us to assume the possibility of using
biobutanol as a reactive fuel additive. It is volatile and evaporates well, but its density is
closer to that of HVO fuel, allowing for the formation of stable mixtures that do not tend to
stratify compared to ethanol or other alcohols.

The second hypothesis is supported by the fact that the dispersion of the HVOB20 results
is the highest and reaches 35,000 particles/cm? (Figure 4). However, when using diesel and
biofuel mixtures, such a greater difference was not observed (15,000-30,000 particle/ cm?).

It is likely that increasing the biobutanol concentration would increase the dispersion
of PNs and it could be argued that very small particles are generated using alcohols as
biofuel additives.

4. Discussion

The results show that using biofuel mixtures (HVO with biobutanol) can reduce
smokiness. This is very relevant, according to the currently valid legal acts of the Republic
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of Lithuania, which state that a vehicle cannot be driven if the smoke limits are exceeded.
These provisions are particularly relevant for older diesel cars (starting with EURO 4 and
below). After the entry into force of the new EURO 6B and expected EURO 7 standards,
the particle concentration itself (which can also be expressed through PM or smokiness)
and the actual PN will both be important. The introduction of this provision should limit
the emissions of ultrafine particles that can already occur with leaner fuel mixtures. In our
case, it becomes very important to identify correlational dependencies between smokiness
and PN indicators. They allow the identification of individual fuel blends that reduce smog
but may generate large amounts of PN. The correlations between smoke and PN may differ
when using different biofuel blends, so it is important to identify and demonstrate them
(Figure 6).

In order to analyse the value of the standard deviation, in the context of the change in
the distribution of parameters, to assess the reliability of statistical data, Table 6 presents
the results for the Shapiro-Wilk normality test and the compliance of the statistical data
curve with the descriptive characteristics of the curve (Kolmogorov-Smirnov normality
test). These parameters are interesting for correct data processing and show how exactly
the exponential curve fits the statistical curve of the experimental data. The results obtained
show that the data were processed correctly (smoke and PN data were significantly drawn
from a normally distributed population at the level of 0.05). The authors believe that the
purpose of this study is not to show how statistical data processing is performed, but rather
to analyse and interpret the results.

Table 6. Comparison results of standard deviation, Shapiro-Wilk normality test, and Kolmogorov—
Smirnov normality test using different fuels.

Fuel Blends D100 before Tests D100 after Tests HVO100 HVO5 HVO10 HVO20
Parameter Standard Deviation

Smoke, m~1 0.04509 0.09849 0.03215 0.02082 0.05 0.01528

PN, particle/ cm® 13,658.54433 4582.57569 9018.49951 5507.57055 10,940.44484 15,378.5565
Shapiro-Wilk Normality Test

Smoke, m ™! 0.9959 0.93041 0.87097 0.92308 1 0.96429

PN, particle/ cm® 0.97711 0.96429 0.9959 0.99725 0.95783 0.90727
Kolmogorov—Smirnov Normality Test

Smoke, m~1 0.19613 0.28633 0.32752 0.29228 0.17468 0.25304

PN, particle/ cm? 0.21863 0.25304 0.19613 0.1908 0.20515 0.20261

In research practice, it is very often the case that due to the high cost of the analysis (the
cost of the experiment conducted on the test bench) there is a need to verify the consistency
of the data distribution with the normal distribution for a small sample size. In this case,
the tests were repeated 3 times (p-value: 0.345).

Among the many tests verifying the compatibility of empirical and theoretical distri-
butions, the focus was on the Shapiro-Wilk compatibility test. This test is considered to be
one of the strongest tests for normal distribution, especially when testing “small numbers”
samples. The test is used to verify the hypothesis that the distribution of the tested random
variable is in accordance with the normal distribution.

In the case of the test used, the zero hypothesis indicates the normal distribution of
the tested characteristic. For a p-value below 0.05, we reject this hypothesis in favour of an
alternative one. However, taking into account the p-value—which is, nonetheless, different
from 0—the median value very close to the mean, and considering the skewness and excess
coefficient to be insignificantly different from 0, we can conclude, with some caution, that
the distribution of smoke measurements is close to normal [61].
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Figure 6. Correlation between smokiness and PN parameters using different fuels: (a) D100 Before
Tests; (b) HVO100; (c) HVOBS5; (d) HVOB10; (e) HVOB20; (f) D100 After Tests.
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The manuscript uses elements of descriptive statistics as a method of summarizing
data in a valid and meaningful way. In this way, it was shown that good and appropriate
measurement is important not only for the data, but also for the statistical methods used
to test hypotheses. For continuous data, normality testing is very important, because
based on the state of normality, measures of central tendency, dispersion, and the choice of
parametric/nonparametric test are decided. In the literature, there are various methods of
testing normality. Most literature sources indicate that for a small sample size (1 < 50), the
Shapiro-Wilk test should be used, as it has greater power to detect non-normality and is
the most popular and widely used method.

When our sample size (n) is at least 50, any other methods (Kolmogorov—-Smirnov test,
skewness, kurtosis, value from skewness and kurtosis, histogram, box plot, P-P plot, Q-Q
plot, and SD with respect to the mean) can be used to test the normality of continuous data.

In addition, the two-sample Kolmogorov—-Smirnov test was used in the manuscript.
This test is used to check whether two basic one-dimensional probability distributions
differ. Again, the larger the sample sizes, the more sensitive the minimum limit. It should
be noted that the two-sample test evaluates whether the two data samples are from the
same distribution. It does not determine what the common distribution is (e.g., whether it is
normal or not). The disadvantage of the one-dimensional Kolmogorov-Smirnov test is that
it is not very strong, as it was designed to be sensitive to all possible types of differences
between the two distribution functions [62].

It is known from statistical theory that there is direct dependence, very strong, strong,
medium, weak, very weak, and no correlation. The visualization of these relationships
indicates that the strongest correlations are with D100 Before Tests, HVOB5, and HVOB20
(the closest in form to linear dependence), and the least smoke and PN parameters are
correlated with HVO100, HVOB10, and D100 After Tests fuels. To identify the strength of
the correlation relations, a comparison of the Pearson correlation coefficients by absolute
value is applied using different fuel mixtures (Figure 7).

I 0100 Before Tests
B HVO 100
B HvOB5
B Hvoe10
B HvO B20
B D100 After Tests
I T

0.4 O 7 0 8 0 9 1.0
Pearson’s correlations coefficient meaning

Figure 7. Comparison of Pearson correlation coefficients using different fuels.

When comparing according to Pearson correlation coefficients, a strong correlation
dependence was identified. Very close correlation values were observed between D100
Before Tests, HVOB5, and HVOB20, while HVO100 fuel showed a somewhat smaller, but
still strong, correlation dependence. Moderate correlation dependence was observed with
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HVOBI10 fuel and weak correlation dependence with D100 after testing. Based on this, the
following generalisations can be made:

e Increasing biobutanol concentration does not affect the strength of the correlation
between smokiness and PN indicators;

e  After the use of biofuels, when resupplying diesel to the engine, the correlation
dependence between smokiness and PN decreased by 45% when evaluating the values
of the Pearson correlation coefficient and changed from a very strong dependence to
a weak dependence of the smokiness and PN indicators, according to the Pearson
correlation coefficient.

Currently designed car engines with compression ignition are modern units equipped
with state-of-the-art power and control systems. Despite the use of state-of-the-art techno-
logical, design, and electronic control, the challenge for the designers of modern compres-
sion ignition engines is to meet stringent exhaust toxicity requirements, e.g., emissions of
nitrogen oxides, NOy, PM. This limits the further development of automotive compression
ignition engines and their maximum performance, especially those with low displacement.

An important problem for engines is the emission of particulate matter (PM), which,
due to its hygroscopicity and low density relative to air, is a serious environmental hazard.
For this reason, PM emissions have been the most severely reduced in recent years, com-
pared to other toxic components of exhaust gases. It is not only the mass emission of PM,
but also the total particle number (N), that have been reduced. The main component of
particulate matter and its carrier is soot, formed by the thermal cracking of higher diesel
hydrocarbons oxidized in rich flame zones, mainly in oxygen-deficient conditions.

One way to reduce PM emissions may be by adding oxygen compounds to diesel,
using a light fuel, e.g., diesel/biobutanol blends.
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