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Abstract: Managing of wastes rich in lignocellulose creates the opportunity to produce biofuels that
are in full compliance with the principles of sustainable development. Biomass, as a suitable base for
the production of biofuels, does not have to be standardized, and its only important feature is the
appropriate content of lignocellulose, which assures great freedom in the selection of input. Biobutanol,
obtained from this type of biomass, can be used as fuel for internal combustion engines, including diesel
engines. In the era of strict environmental protection regulations, especially concerning atmospheric
air, any new fuel, apart from good energetic properties, should also show beneficial ecological effects.
This study investigates the carbon dioxide emissions from biobutanol powered diesel engine by means
of use of the simulation model. The parameters of a real passenger car powered by a diesel engine
were used for simulation carried out accordingly to the WLTP (Worldwide Harmonized Light Vehicle
Test Procedure) approval procedure as the current test for newly manufactured cars. The results
obtained for biobutanol were compared with simulated exhaust emissions obtained for conventional
diesel and with FAME (fatty acid methyl esters)—the most popular biofuel. Biobutanol, in spite of
its higher consumption, showed lower direct carbon dioxide emissions than both: the conventional
diesel and FAME. In addition, a LCA (life cycle assessment) was carried out for the fuels and vehicles
in question using the SimaPro package. Therefore, the implementation of butyl alcohol as a fuel
provides favorable environmental effects. This result gives arguments towards biofuel production
management indicating that implementation of biobutanol production technology mitigates carbon
dioxide emission, as well as promotes lignocellulosic resources rather than edible parts of the plants.

Keywords: biobutanol; clean combustion; Scilab simulations; SimaPro; CO2 emission; fuel production
management; environmental impact; non-edible resources for biofuel production

1. Introduction

Due to the vast possibilities of obtaining useful products, utilization of lignocellulose rich waste is
being analyzed in the area of natural and technical sciences with growing frequency [1,2]. In the period
of deteriorating environmental condition, it is essential that the principles of sustainable development
are followed in virtually all sectors of the economy in order to maintain balance between economic
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growth and concern about the nature around us [3,4]. Progressing climate changes, strictly connected
with emission of anthropogenic origin greenhouse gases, constitute an important factor fostering
search for state-of-the-art technologies, in particulars in the energy and transport industries [5–7].
Research into technologies to increase the energy efficiency of sustainable energy technologies for
transport is gradually accelerating. It is important to create greater synergies and consistency between
policies, as well as to develop a favorable regulatory, financial, and social environment. In addition,
it should be based on global standards, processes and tools to manage safety, environmental protection,
and cooperation with local communities.

As part of integrated efforts aimed at climate protection, in the global agreement—the Paris
Agreement—the European Union undertook to maintain average global temperature growth on the
level of 1.5 ◦C as compared with the pre-industrial period by limiting carbon dioxide emissions from
its area by 40% until 2030 (as compared with 1990) [8,9]. Road transport which, thanks to numerous
advantages, is developing dynamically and thus increasing its share in burdening the environment is
becoming an increasingly important source of negative emissions [10–13]. To reduce the consumption
of conventional sources as energy media for vehicles, biofuels, and bio-additives are applied, among
others in order to replace exhaustible fuels emitting significant quantities of carbon dioxide [14,15].
Pursuant to Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 December
2018 on the promotion of the use of energy from renewable sources, pure vegetal oils, methyl and
ethyl esters of fatty or animal acids, mixtures of esters with diesel oil, and co-processed oils may be
defined as biofuels suitable for diesel engines [16]. The fuels identified in the Directive, which may be
used in the case of diesel engines also include biomass derived alcohols, such as: methanol, ethanol,
propanol, and butanol [17–19]. Ethanol and methanol are most commonly used as alternative diesel
engine fuel, but their different physical and chemical properties, such as: cetane number, flash point,
low lubricity, low calorific value, poor miscibility with other substances and high volatility, materially
hinder their suitability as diesel engine fuels [20,21]. Butanol seems an interesting alternative, due to its
lower flash point, lower volatility, higher calorific value and cetane number, as well as better lubricity
than methanol and ethanol [22,23]. What is more, butanol is characterized with better miscibility with
conventional diesel fuel, vegetal oils, fatty acid methyl esters (FAME), and lower corrosivity [24–26].

Butanol, or butyl alcohol, is a colorless flammable substance produced in the process of anaerobic
fermentation of sugar rich matter with the use of Clostridium bacteria, or from solid fuels [27–29]. It is
a good solvent of petroleum derivative substances, while demonstrating low water solubility [30,31].
It appears as four isomers (iso-butanol, tert-butanol, sec-butanol, n-butanol), differing in terms of
hydrocarbon chain structure (branched vs. straight) and hydroxyl group location [32,33]. Butanol
is commonly used as paint and lacquer solvent, and as an ingredient of hydraulic oils and brake
fluids [34,35]. It finds numerous applications in the textile and cosmetic industries. n-butanol is
most frequently used in research on engines, as an additive or independent diesel fuel, because of its
favorable physical and chemical properties (enumerated in the preceding paragraph) [36,37]. Butyl
alcohol obtained from biomass is referred to as biobutanol [38,39]. Biobutanol may be produced from
such plants as sugarcane and sugar beet, corn, grains, as well as derivative organic products obtained
from agriculture and forestry, including straw, plant stalks, or wood waste [40–43].

The comprehensive research results presented in the literature aimed to compare the properties
of butanol with those of conventional gasoline and diesel fuel as well as widely used biofuels—i.e.,
methanol, ethanol, and biodiesel—indicate that butanol has the potential to overcome many aspects
of the disadvantages of low-carbon alcohols [44–46]. The main advantages of butanol include lower
volatility, lower ignition problems, good mutual solubility with diesel without any solvents, more
suitable viscosity as a substitute for diesel, and higher heating value [47].

The calorific value of butanol is higher (33.1 MJ/kg) as compared to ethanol (24.8 MJ/kg) and
methanol (22.7 MJ/kg). This parameter, in combination with a higher stoichiometric air–fuel ratio,
allows the use of higher levels of its share in motor gasoline without changing the engine control
systems and distribution network. Oxygen content can improve the combustion process, resulting in
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less carbon monoxide (CO) and hydrocarbons (HC) emissions. In addition, butanol has a lower heat of
vaporization than ethanol, which can reduce problems with fuel atomization and combustion in cold
engine start conditions compared to typical ethanol fuels [48,49].

Compared with biodiesel, butanol contains more oxygen, which can reduce soot emissions,
and nitric oxide (NOx) emissions can also be reduced due to higher heat of evaporation, resulting in a
lower combustion temperature.

Among the major disadvantages of n-butanol should be noted the increased fuel flow due to
the lower calorific value compared to gasoline (44.5 MJ/kg) or diesel (44 MJ/kg). In addition, a lower
octane number than in the case of low-carbon alcohols inhibits the use of a higher compression ratio in
higher efficiency spark ignition engines—and also, as a gasoline substitute—may create a potential
problem due to higher viscosity [50].

With respect to the impact of butanol on CO, THC (total hydrocarbon), and NOx emissions,
it should be emphasized that they can be reduced or increased depending on the specific engine
(i.e., with partial or direct injection), operating conditions (i.e., with or without control of the air-fuel
ratio, type of the timing gear), and on the mixture ratio [51].

The results of laboratory investigations on the impact of mixtures of biobutanol with diesel fuel
on the combustion and emission characteristics of a four-cylinder diesel engine are presented in [52].
The tested fuels were a mixture of 10% biobutanol and 90% conventional diesel, 20% biobutanol and
80% diesel, and 100% diesel based on weight. The measurements were made at an engine speed of
1500 rpm and 30 Nm and 60 Nm engine load. NOx, CO, and soot emissions were lower than those
from diesel under all test conditions, while HC emissions were higher than from diesel.

In addition, as the content of butanol in the mixed fuel increased, the experimental results showed
that the ignition delay was longer than the ignition delay for diesel fuel for all studied injection times.
The indicated unit fuel consumption of mixed fuels was higher than diesel fuel consumption. However,
the exhaust gas temperature was lower than those from diesel fuel at all injection times.

Additionally, the results of studies on the CO, CO2, THC, NOx emissions for various types of cars
as a function of fuel composition (e.g., butanol share) are presented in [53,54].

The CO2 emission values resulting from the use of n-butanol mixtures in diesel [55] and gasoline [56]
engines in the context of the NEDC (New European Drive Cycle) driving test decrease, depending
on the share of butanol in the mixture, by about 1–6% in comparison to pure gasoline or diesel
(e.g., The mixing of 20% n-butanol with gasoline reduced CO2 emissions by 5.7%).

Energy recovery of lignocellulosic waste material in the form of liquid fractions can yield
alcohol-based fuels such as bioethanol or biobutanol [57].

Physicochemical properties of fuels and their mixtures influencing chemical reactions in the
combustion process and, consequently, gas emissions are discussed in detail in [58,59]. When analyzing
biofuels, particular attention is paid to autoignition reactions and the rate of heat release [60,61].

Although butanol properties (boiling point, viscosity, octane number) predetermine it for the use
in spark ignition engines as a partial substitute for conventional gasoline, a number of studies were
carried out using butanol/diesel fuel mixtures in compression ignition engines.

The advantage of butanol is its ability to reduce the viscosity of composite fuels, especially when
mixed with FAME or crude vegetable oil [62–65].

The results of laboratory tests aimed at determining the impact of a mixture of butanol derived
from lignocellulosic material and FAME based on animal fat on specific fuel consumption and CO2,
CO, NO, HC, and PM emissions of a diesel engine are available in the literature [62,66].

In [62], biobutanol derived from lignocellulose material was tested, which was then used as an
additive for diesel engines. Biobutanol was used in fuel mixtures with FAME in the amount of 10%,
30%, and 50% butanol. 100% diesel and 100% FAME were used as reference fuel.

The laboratory tests carried out showed that the use of biobutanol in fuel reduced the production
of carbon dioxide (by 15%), nitrogen oxides (by 35%), and PM (by 90%). Moreover, the use of biobutanol
as an additive in FAME, especially in oils, significantly reduced the viscosity and density of the fuel.
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Also in [67,68], conventional diesel, 30% biodiesel (FAME) and biodiesel with 25% n-butanol in a
turbocharged diesel engine were compared. In all cases, the positive effect of butanol in diesel fuel on
particulate, NOx and carbon dioxide emissions was found. In addition, a positive effect on smoke
emissions has been noted for the n-butanol mixture.

The main disadvantages of FAME include poorer storage and oxidative stability. The high cost of
the raw material is also important, especially when using vegetable oil as a raw material [21].

For environmental, logistic, and economic reasons, lignocellulosic biomass is a particularly
attractive raw material for biofuel production. When selecting appropriate conversion methods, it is
possible to obtain, among others, cellulosic ethanol, synthetic gas (bio-SG), or increasingly appreciated
furan fuels (Furanics fuel) [69–71]. Furan fuels, i.e., compounds derived from furan, have been
identified in the “Roadmap for Biofuels in Transport” prepared by the International Energy Agency
(IEA) as future biofuels for which intensive development of production technology is expected by 2050.
Currently, work on technologies for obtaining them is only at the stage of research and development.

Lignocellulose rich wood waste is very attractive thanks to a non-food character of the substrate
and possibility to obtain second generation biofuel, i.e., fuel not competitive towards food. Poland
has significant potential for production of waste wood and wood residues. Towards the end of 2017,
the area of Polish forests amounted to 9242 thousand ha, which corresponds with the forest coverage
ratio of 29.6% [72,73]. To compare, at the end of 2010 the area of forests was 9121.3 ha, which was
equivalent with the forest coverage ratio of 29.2%. Thus, an increase in the country’s forest coverage
ratio by 0.4% was recorded [74,75]. In 2017, 42,699 thousand m3 net of thick wood was produced
in Poland, including 8607 thousand m3, i.e., 21.2% of all thick wood volume obtained in connection
with forest clearing, acquisition of deadwood, wind broken trees, and trees damaged as a result of
various weather occurrences and natural processes [76]. Thick wood production of 31,822 m3 was
recorded in 2010, including 5686 m3 (17.8% of all thick wood obtained) of wood from forest clearing
and ordering processes [77]. The figures do not include information on clearing of greens located along
roads, acquisition of wood stock from parks and city green areas, residue from sawmills and wood
processing companies; therefore, the quantity of lignocellulose rich matter which may be used for
biofuel production is in fact much higher [78]. The choices of directions of technology development,
as well as the choices of biofuel production technology are the matter of economic, social, political,
and environmental issues. The carbon dioxide emission is one of the factors determining usefulness
of particular biofuel production technology. Moreover, the use of edible or nonedible resources is
another factor strongly affecting the eventual choice of technology. Consequently, the knowledge
and understanding of phenomena occurring during burning of various fuels (including biofuels) in
automotive, as well as other types of internal combustion engines, assures possibility of decisions
concerning choices of types of biofuels and technologies of their production. All these factors, when
established, provide tools for technology management in the area of biofuel production and distribution.
This technological knowledge is also needed for undertaking legal decisions concerning allowable
content of fuels available on the market.

The life cycle assessment methodology (LCA) [79,80] is increasingly used to maintain the
environmental sustainability of biofuels [81,82].

The LCA investigations should be performed at the stage of technological process designing, what
could result in more effective controls of environmental issues [83,84].

There are several recognized methods for assessing the life cycle impact, e.g., EPS 2000 (priority
strategies for environmental protection), CML (Centrum voor Milieuwetenschappen Leiden), ecological
indicator 99, IMPACT 2002+, ReCiPe, MIPS (material intensity per service) [85–90]. They are
implemented in computer programs used in the LCA investigations, eg SimaPro, GaBi, Umberto [91–93].
Based on the results of computer calculations, under specific assumptions, it is possible to estimate
the environmental impact of selected products or production processes. Comparing the results
obtained, it is possible to indicate a product or production process that will have a minimal impact on
the environment.
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2. Materials and Methods

Taking into account the potential of obtaining lignocellulosic biomass which may be used
for production of biobutanol, properties similar to conventional fuel and mitigation of negative
environmental impact, this paper focuses on analyzing the impact of butyl alcohol on diesel engine
carbon dioxide emissions.

The test used a simulation model of a contemporary diesel engine, reflecting the predefined work
cycle. This allows elimination of hazard to the actual engine which, at the development stage, did not
consider being powered with fuel different than conventional [94–96], while enabling achievement of
complete results in an accessible form and within a short time.

2.1. Materials

The simulation used actual parameters of the Fiat Panda passenger car with a modern diesel
1.3 MultiJet II drive unit, compliant with the Euro 6 norm for exhaust gases [97–99]. The vehicle is
equipped with the “start–stop” system, aimed at reducing the quantity of consumed fuel and the
quantity of emitted exhaust gases [100,101]. The system allows switching the engine off if its operation
is not needed at the given moment. In urban traffic, this takes place when the vehicle is not moving,
which happens frequently due to the infrastructure and traffic management system. Such solutions
enable reduction of exhaust gases and noise which, as fuel is not combusted and the drive unit is not in
operation, are not emitted. Development of the engine stopping system while the vehicle is not in
motion is caused by increasingly stringent limits governing harmful substance emissions and sound
levels. Continuously decreasing acceptable values force engineers to seek additional solutions next to
mere engineering modifications in contemporary combustion engines.

Emission limits for newly manufactured vehicles have been in operation since 2009 (the first
application of emission limits in 2015). The limits on average carbon dioxide emissions for passenger
cars in the European Union will be regular reduced from 130 gCO2/km in 2015 to 65 gCO2/km in
2030 [102–104].

The analyzed vehicle is characterized with the maximum power of 75 hp at 4000 rev./min and the
maximum torque of 190 Nm at 1500 rev./min. Pursuant to the manufacturer’s data, fuel consumption in
the urban cycle is 4.7 l/100 km, in the mixed cycle 3.9 l/100 km, with 3.5 l/100 km outside the city [105].

Table 1 presents basic technical parameters of the engine used in the simulation.

Table 1. Basic technical data of the engine 1.3 MultiJet II used in the simulation.

Parameter Unit MultiJet II

Cylinder layout - in-line
Number of cylinders, c - 4

Type of injection - direct, multistage
Compression ratio, e - 16.8:1

Diameter of the cylinder, D mm 69.6
Piston stroke, S mm 82

Engine displacement, Vss cm3 1251
Maximum engine power, Ne kW 55

Engine rotational speed for its maximum power, nN rpm 4000
Maximum engine torque, Me Nm 190

Engine rotational speed for its maximum torque, nM rpm 1500
Rotational speed of idle gear, nbj rpm 850 ± 20

Table 1 gives the factory characteristics of the engine (selected parameters were used in the
developed computer simulation) assuming that it is fully technically sound. Based on the characteristics
given in the table, the full course of CO2 emissions cannot be determined for changes in load and
engine speed. However, additional charts presented in the part of the article “The simulation model”
show the course of CO2 changes used for the simulation as a function of rotational speed and engine
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load for the assumed fuels. These characteristics take into account the chemical composition of the fuel
and calorific value, which determine the amount of fuel consumed and, consequently, the amount of
CO2 emitted.

The simulation model used in the experiment enables utilization of fuels characterized with
different properties. In order to analyze the emission profile, parameters of the following fuels
were implemented: conventional diesel oil ON (as reference fuel), fatty acid methyl esters (FAME)
(as the most common diesel fuel bio-additive), and butanol (main subject of the analysis). These fuels
indisputably differ in terms of elementary composition and properties necessary from the point of
view of combustion of the respective fuel. Table 2 compares properties of the fuels used.

Table 2. Selected properties of the fuels applied. FAME—fatty acid methyl esters.

Parameter Diesel FAME Butanol

Carbon content (%) 86.5 78.0 64.8
Hydrogen content (%) 13.4 12.0 13.5

Oxygen content (%) 0.0 10.0 21.6
Calorific value (kJ/g) 44.0 37.0 33.1

Air demand (gair/gfuel) 14.5 12.5 11.2

The data in Table 2 demonstrate differences among the properties of diesel and alternative
fuels. The greatest difference is noticeable in terms of oxygen content, which is absent in classic fuel,
but present in biofuels, as well as in terms of carbon content where diesel shows the highest level
among the analyzed fuels. Moreover, conventional fuel is characterized with the highest calorific
value [106–110].

From the point of view of physicochemical properties and elementary composition, the use of
100% biofuel is not possible; however, highly desirable due to the ecological effects. The vehicle under
analysis is certainly not 100% suitable for alternative fuels. Therefore, the authors used computer
simulations in their research. The simulation considered both pure fuels and mixtures with diesel.

Table 3 presents particular proportions of fuels used in the model.

Table 3. Proportions of fuels used in the model.

Diesel/FAME Diesel/Butanol

100%/0% 100%/0%
90%/10% 90%/10%
80%/20% 80%/20%
70%/30% 70%/30%
60%/40% 60%/40%
50%/50% 50%/50%
40%/60% 40%/60%
30%/70% 30%/70%
20%/80% 20%/80%
10%/90% 10%/90%
0%/100% 0%/100%

Moreover, the simulation takes into consideration operation of the “start–stop” system installed in
the vehicle and, therefore, it reflects actual movement of the car in accordance with the predefined test.

2.2. Methods

2.2.1. Simulation Model

The simulation model used in the analysis was developed in the Scilab environment, i.e.,
free of charge scientific software enabling execution of advanced mathematical calculations and
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algorithms [111]. It allows designing, performance of simulations, combining and recording of projects.
Thanks to the possibility to resolve differential equations, linear and nonlinear systems, application
of fast Fourier transform, development and optimization of algorithms, is an extremely useful tool
in the case of more complex systems [112,113]. The Xcos package was used in connection with this
analysis to prepare block diagrams reflecting actual dependencies in the analyzed engine. Graphical
presentation of the modeled system, which is simple to use and which minimizes the risk of calculation
error, is an indisputable advantage.

To be able to relate to reference emission levels applicable to the analyzed vehicle, the simulation
used the WLTP procedure, being the latest homologation test which has covered all newly manufactured
vehicles applying for traffic approval in the European Union since 1 September 2018 [114,115].
The previous test procedure was developed in the 1980s and it based on a theoretical driving profile.
At the beginning, could be considered reliable, but dynamic technological development may provide
additional variables which were not considered therein. A generalized approach to the model
driving cycle and identical treatment of all analyzed vehicles rendered numerous irregularities and
discrepancies revealed during more detailed tests of specific cars. It therefore became necessary to
amend the vehicle testing procedure for cars to be launched on the market [116]. By assumption, the
WLTP test reflects the actual vehicle operating conditions, considers the equipment installed in the
vehicle, engine versions, as well as gear settings. The new WLTP test cycle takes 10 minutes longer than
the previous procedure and the vehicle covers a distance by 12.25 km longer than during the NEDC
test. Moreover, the new procedure features as many as four dynamic work phases, with approximately
52% in the urban cycle and the remaining 48% reflecting driving outside the city. The temperature
in which testing is performed is also important. In the case of WLTP, it is the range of 14–23 ◦C,
whereas NEDC was carried out in the range of 20–30 ◦C, which was remote from actual European
conditions [106,117,118].

The diagram of the simulation model applied in the test is presented in Figure 1.
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Figure 1. Diagram of the 1.3 MultiJet engine simulation model.
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The simulation was divided into five blocks, with each one performing a separate function and
providing vehicle operation and fuel combustion parameters necessary to carry out the WLTP test
procedure and obtain results related to carbon dioxide emission for the analyzed fuels. Presented below.

Block I “Test generator”

The block is responsible for furnishing correct parameters, characteristic for the WLTP driving
test, the distance traveled by the vehicle l, including vehicle acceleration a(t), vehicle speed and force
generated on the wheels P1 [N] (calculation weight of 1020 kg). In order to determine these values,
the module takes advantage of the vehicle’s technical data, such as: vehicle weight, rolling resistance,
and aerodynamic resistance.

l =
∫ t

0
v(t)dt[m] (1)

a(t) =
dv(t)

dt

[m
s2

]
(2)

where:

v(t)—the momentary speed of the vehicle in the test (m/s)
t—the end time of simulation (s).

P1 = F0 + F1 · v(t) + F2 · v(t)2 [N] (3)

where:

v(t)—the momentary speed of the vehicle in the test (km/h)
F0—rolling resistance coefficient (N)
F1—linear resistance coefficient (km/h)
F2—aerodynamic resistance coefficient (N/(km/h)2).

The vehicle loads resulting from the accelerations acting on it are then calculated using equation:

P2 = M
dv(t)

dt
[N] (4)

where:

v(t)—the momentary speed of the vehicle in the test (m/s)
M—vehicle calculation weight (kg).

Table 4 presents values adopted for the analyzed vehicle.

Table 4. Vehicle parameters implemented in the “test generator” block.

Parameter Unit Fiat Panda

Vehicle weight kg 1020
Rolling resistance N 6.15

Aerodynamic resistance N/(km/h)2 0.0412

Figure 2 below presents results obtained from that simulation block. The graphs illustrate such
values as: v—speed of the analyzed vehicle; d—road in kilometers, covered during the test; F—force
acting on the vehicle’s wheels; and p—current gear in which the vehicle is driving.
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Block II “Drive system”

This block involves calculations related to such signals as the vehicle driving speed, gearbox input
shaft torque, its rotational speed for the gearbox. In order to determine these values for the model
correctly, data regarding the vehicle wheel radius, drive system ratios for the rotational speed, and
drive system ratio for torque were implemented.

Mun = (P1 + P2) ·R ·R1 [N ·m] (5)

where:

Mun—torque acting on the gear shaft (N·m)
P1—momentary force on wheels from resistance to motion (N)
P2—momentary force on wheels from inertia (N)
R—wheel radius (m)
R1—drive system shifts for the torque (-).

ωun =
v(t)

R
·R2

[
rad
s

]
(6)

where:

ωun—rotational speed of the gear shaft (rads/s)
v(t)—the momentary speed of the vehicle in the test (m/s)
R—wheel radius (m)
R2—drive system shifts for rotational speed (-).

Table 5 identifies the values of those parameters used in the developed model.
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Table 5. Parameters for the ‘drive system’ module based on the manufacturer’s data.

Parameter Unit Fiat Panda

Radius of the vehicle wheels m 0.298
Drive system ratio for torque (-) 0; 1/13.46; 1/7.05; 1/4.55; 1/3.24; 1/2.42

Drive system ratio for rotational speed (-) 0; 13.46; 7.05; 4.55; 3,24; 2.42

Results obtained from this block are presented in Figure 3. The graphs correspond, respectively,
for: ωk—vehicle wheel angular velocity; ωp—engine angular velocity; Mk—torque on vehicle wheels;
and Mp—torque on engine.
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Block III “Engine”

The “Engine” module plays a verification role in the developed model. It is responsible for
verification of values obtained from the preceding blocks in terms of presence thereof in the admissible
range of engine rotational speed variability. This allows eliminating deviations and distortions in
the model, which could lead to incorrect results. If previously obtained rotational speed momentary
values (rad/s) and torque values (N·m) are correct, they are passed on to further simulation blocks.

Msi =
{

Mun; Mun > 0 N ·m
0 N ·m; Mun ≤ 0 N ·m

[N ·m] (7)

ωsi =
{

ωun;ωun > 83.7 rad/s
83.7 rad

s ; ωun ≤ 83.7 rad/s

[
rad
s

]
(8)

where:

Msi—momentary torque on the vehicle’s gear (N·m)
ωsi—momentary rotational speed on the vehicle’s gear (rad/s).

Block IV “Calculations for fuel/air”

“Calculations for fuel/air” is the most structurally developed block, which allows determination of
fuel (Figure 4) and air consumption values (Figure 5), necessary for conducting correct fuel combustion
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in the test and determination of aggregated values of those elements. The module is based on universal
fuel and air mixture demand characteristics.
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torque of the selected internal combustion engine adopted in the simulation.

The characteristics used in the simulation were developed on the basis of published experimental
studies conducted on the engine test bench. Detailed numerical values from which the spatial
distributions were based (Figures 4 and 5) present literature items [98,99].
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Figure 4 shows the characteristics of the output of the analyzed fuels per one diesel engine injection
as a function of changes in speed and changes in torque produced by the engine.

Diesel fuel is characterized by the lowest values of fuel expenditure per injection as a function of
engine speed and torque generated by the engine due to the highest calorific value among the analyzed
objects (44 MJ/kg). For the fuel with the lowest calorific value of butanol (33.1 MJ/kg), the characteristic
curve of output per fuel cycle for changes of rotational speed and torque takes the highest values.
In the case of FAME fuel with calorific value (37 MJ/kg), the fuel flow rate per 1 injection is obtained
between fuels with extreme calorific values.

It is seen on Figure 4 that plots shown on the figures are very similar with respect to their shape,
only the values of fuel flow at corresponding points are slightly different. The whole plot for butanol is
located above the FAME, and diesel fuel occupies the lowest position.

Determination of values related to the fuel flux and required quantity of air, taking into account
the fuel calorific value, produces the value of energy flux from burned fuel. That is followed by
determination of temporary engine efficiency. With all of the above parameters, based on integrating
modules, one can determine values for the fuel and air mixture consumed in the test.

.
fuel = ffuel(ωsi, Msi)

[g
s

]
(9)

.
air = fair(ωsi, Msi)

[g
s

]
(10)

where:
.

fuel—fuel flux (g/s)
ffuel—function of hourly fuel consumption depending on rotational speed and torque (g/s)

.
air—air flux (g/s)
fair—function of hourly air consumption depending on rotational speed and torque (g/s).

The simulation developed provides for the possibility to include or exclude simulation elements
accounting for operation of the start–stop system. If the vehicle stops during the driving test simulation
performed and the said system is switched on, calculations are performed in accordance with the
following dependencies:

.
ons =

{ .
on; v(t) > 0 m/s
0; v(t) = 0 m/s

[ g
s

]
(11)

.
airs =

 .
air; v(t) > 0 m/s
0; v(t) = 0 m/s

[ g
s

]
(12)

Figure 6 presents graphs of such results as: fuel—fuel consumption; air—air consumption;
Fuel—aggregated value of fuel consumed in the test; Air—aggregated value of air consumed in the test.

Block V “Calculation emission from fuels”

The block is responsible for determination of carbon dioxide emission value for the respective
fuel. Carbon dioxide emissions per diesel, FAME, and biobutanol injection cycle are shown in Figure 7.

For carbon dioxide emissions per diesel injection cycle, as shown in the diagrams below, there are
clearly smaller differences in the characteristics of the speed and torque variations than for the fuel
expenditure characteristics shown above. This may be due to the high oxygen content of biofuels that
have already been chemically bonded to carbon atoms, which results in a slight increase in carbon
dioxide emissions.
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Using the engine emission profile, it defines momentary CO2 mass values and aggregated values
throughout the test.

.
CO2 = f CO2(ωs, Ms) gCO2

.
spal/gspal

[ g
s

]
(13)

CO2(t) =
∫ t

0

.
CO2(t) dt [g] (14)

2.2.2. LCA Method

The LCA methodology is exists in several variants and interpretations of key concepts. Thereare
two alternative approaches used in LCA—the attributional model and the consequential model.
Attributional life cycle assessment (ALCA) estimates the share of global environmental loads that a
product belongs to. The consequential LCA (CLCA) gives an estimate of how global environmental
loads affect the product production and use. The distinction was created to resolve debates on what
input should be used in the LCA and how to deal with allocation problems. ALCA is based on average
data, and the allocation is done by sharing the environmental burden of the process between the life
cycles supported by this process. CLCA in principle uses marginal data in many parts of the life cycle
and avoids allocation through system expansion.

Each of the models is associated with significant parametric and model uncertainty, and estimating
the impact of biofuels on the climate requires many subjective choices [119–121].

A review of the literature for biofuel modeling shows that the authors use both CLCA [122–125]
and ALCA method [126,127].

It should be emphasized that the intention of the authors of the present paper is not to attempt to
disqualify the specific capabilities of any of the LCA analysis models, but to attempt to analyze the
behavior of a non-steady state complex system.

The simulation model developed in connection with this analysis provides data on direct
carbon dioxide emissions. Emissions originate from elementary composition of the fuels used and
characteristics of the combustion process in the respective engine [128,129]. Results are obtained
based on differential equations, characterizing the process of fuel burned by the vehicle and resulting
quantities of exhaust gases emitted from the exhaust system. The method is in line with vehicle
homologation tests; yet, in the context of environmental impact assessment for particular fuels, it may
be insufficient. To supplement the analysis, it was extended to cover the LCA analysis, which is
considered crucial for accomplishment of the sustainable development policy and a reliable tool for
conducting environmental analyses in the context of specific products, including fuels. LCA tools are
perceived as a foundation of state-of-the-art management of the environment related and decision
processes which have real impact onto various areas of natural economy. Due to their scope and
a broader perspective of the respective product, numerous state strategic documents and policies
identify LCA analyses as mandatory. The product life cycle considers consumption of materials, energy,
and resources, as well as the effects of processing thereof not only at the time of actual use of the
product, but also at the stages of production and disposal. The analysis commences from mining of
resources necessary for manufacturing the product and includes all energy and material expenditures
connected therewith. Subsequently, it focuses on manufacturing of a specific product. Next, it considers
the stages connected with using it, to finally take into account the process of disposal or decomposition.
It can therefore be seen that it is much more detailed than typical analyses focusing solely on direct
use of the item in question. LCA analyses prove extremely useful during decision making processes
based on identification of processes or products which will be the least harmful to the environment
throughout their life cycle. In combination with knowledge regarding costs, ease of use, and production
technologies, one may identify solutions constituting the least burden to the natural environment,
which is strictly connected with management in accordance with the ideas of sustainable development
and performed more and more often worldwide. Detailed techniques related to process and product
life cycle assessment are defined in the ISO 14040 international standard [130]. The document defines
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the necessary documents required for proper execution of the analysis, including: inventory of the
set of material data; environmental impact analysis of elements connected with the identified data;
interpretation of results of performed analysis, as well as reference of the impact assessment to the
research subjects analyzed.

Life cycle assessment ought to contain an identified objective and scope of analysis, identified
data set, assessment of impact onto particular elements, and properly interpreted results.

The LCA analysis of the fuels used was performed in three stages. It was accomplished with the
SimaPro ver. 9.0.0.48 software, designed for execution of professional environmental impact analyses
both in business and scientific areas. The tool enables the analysis and monitoring of important
information from the sustainable development perspective. With the use of that environment, one may
perform modeling and analysis of even complex product and process life cycles as well as of their
actual environmental impact on each of the stages. What is more, SimaPro is fully compliant with the
guidelines identified in the ISO 14040 standard and, as such, it constitutes a source of reliable results
which may be used in product related decision-making processes.

The first stage of the analysis involved determination of the impact from production of the fuels
in question onto particular elements of the environment. It considered the following areas: “ecosystem
quality”, “climate change”, “human health”, and “resources” in the context of carbon dioxide emission
during fuel unit production processes. This stage involved use of the IMPACT 2002+ method, which
identifies impact of the analyzed product onto the environment and people. The method bases
on modern exotoxicity comparative analysis for both environmental elements and those related to
human health.

The next stage of analysis involved the Greenhouse Gas Protocol method, based on which
information regarding carbon dioxide emission is obtained. The method is based on the greenhouse
gas emission protocol and distinguishes four result segregation categories: “Fossil CO2 eq”—carbon
dioxide emission from fossil fuel conversion; “Biogenic CO2 eq”—emission caused by plants and
trees; “CO2 eq from land transformation”—emission connected with transformation of land; and “CO2

uptake”—that is carbon dioxide value captured during the given process. The analysis relates to
the production stage of a specific product. Any information concerning the methods of formation,
energy consumption during the processes, and their progress is contained in extensive libraries of the
SimaPro software.

The final, third stage utilizes data obtained pursuant to the Greenhouse Gas Protocol method
regarding carbon dioxide emission during production of a reference unit of the analyzed fuel. Emission
values from the production stage are combined with data obtained from the simulation model, which
allowed assessment of the emission rate from the fuels throughout their life cycle, from production to
conversion into thermal energy. Table 6 below presents input parameters applied in the LCA analysis
of the discussed fuels.

The service of life car was adopted according to the LCA analysis performed for its cars by a
leading manufacturer of commercial vehicles [131,132]. In addition, a literature review confirms that
the value of 150,000 km is in accordance with ISO 14044 [110,130].

A relatively frequent practice in scientific publications is use of reference emission values published
by vehicle manufacturers, which results in generalization of analysis results. One needs to stress that
such a value relates solely to powering the vehicle with conventional fuel and, as such, it cannot be taken
into consideration in analyses related to alternative fuels. It was, therefore, reasonable to implement in
this study direct carbon dioxide results obtained from the developed computer simulation.
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Table 6. Parameters used in LCA analysis.

Fuel Consumption in the Cycle (l/100 km)

Fiat Panda
MultiJet II

Urban Extra urban Combinated

4.7 3.5 3.9

Estimated Fuel Consumption in Car Service Life

Diesel 6750
FAME 8250

Butanol 8250

CO2 Emission from Fuels in Production Process (kgCO2/1 kg fuel)

Diesel 0.341
Butanol 3.18
FAME −7.01

CO2 Emission from Fuels in Burn Process (Start–Stop System ON) (g/km)

Diesel 161,59
Butanol 173,16
FAME 161,33

CO2 Emission from Fuels in Burn Process (Start–Stop System OFF) (g/km)

Diesel 163,65
Butanol 175,39
FAME 163,39

Service life of car (km)

150,000 km

3. Results and Discussion

3.1. Result from Simulation

The developed simulation allowed execution of an experiment using different mixtures of fuels
with conventional diesel. Figure 8 below presents fuel consumption (value of the end of fuel used
during the entire WLTP test) in the function of respective additive content.

Graph A (Figure 8) presents fuel consumption during vehicle operation taking into account the
start–stop system, while in graph B (Figure 8) the system is switched off. Stars mark butanol, while
circles—FAME fuel. As can be seen, higher fuel consumption for both operation modes is shown by
butanol. Moreover, one can generally notice higher consumption of the medium in graph b, which
confirms correct operation of the model considering the “start–stop” subsystem.

Figure 9 presents carbon dioxide emission profile graphs in the function of additive content,
taking into account operation of the “start–stop” system (final value of CO2 emission during the entire
WLTP test).

Pursuant to the above graph, higher carbon dioxide was demonstrated by the FAME fuel. Butanol,
along with increasing share of it as an additive in the mixture, reduced carbon dioxide emission.
Similarly to fuel consumption, the “start–stop” system (Figure 9) contributed to much lower CO2

emission than in the case of engine operation without it.
Table 7 below presents emission results in the test. Emission corresponds with total weight

of carbon dioxide emitted for particular fuels (100% fuel content) after execution of the test cycle.
Moreover, the value was recalculated into a comparative unit and compared with the reference value
defined in the regulation [70].
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Figure 8. Fuel consumption as a function of the share of an additive ((a)—start–stop ON, (b)—start–stop
OFF).

Table 7. List of CO2 emission results for the individual fuels with values from regulations.

Fuel Used CO2 (kg) Emission CO2 (g/km) Emission CO2 (g/km) Value Required by the Regulation

Start–Stop System ON

FAME 4.026 175.48 130
Butanol 3.751 163.44 130
Diesel 3.757 163.87 130

Start–Stop System OFF

FAME 4.078 175.398 130
Butanol 3.799 163.398 130
Diesel 3.805 163.656 130
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Figure 9. Carbon dioxide emission for fuel mixtures as a function of the share of an additive
((a)—start–stop ON, (b)—start–stop OFF).

The table above shows that analyzed biobutanol is characterized with the lowest total carbon
dioxide emission. In terms of emission, conventional diesel fuel turned out second, while the most
common biofuel (both as an additive and as fuel itself) was characterized with the highest emission
level. This interesting result was verified on the basis of tests published in the literature, being carried
out on an engine test bench. Studies confirm that carbon dioxide emissions at individual measuring
points are highest when the engine is powered by methyl esters [133,134]. These results are due to the
fact that rape oil fatty acid methyl esters (FAME) have a different elementary composition and different
physicochemical properties influencing the course of processes occurring in the cylinder.
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As seen in Table 8 the stoichiometric content of biobutanol and two examples of methyl esters
of fatty acids the butanol has the smallest carbon content, and also the highest content of oxygen.
These observations are in agreement with the emissions reported in Table 7.

Table 8. Stoichiometric content of biobutanol compared to two methyl esters of fatty acids.

Content % C H O

Butanol 64.87 13.52 21.63
Methyl palmitate 75.56 12.6 11.86
Methyl stearate 76.52 12.76 10.74

The increase in carbon dioxide emission in the case of feeding the engine with plant oil esters
is compensated for by the fact that, in this case, the carbon dioxide circulates in a closed circuit
in the environment. Esters make a renewable fuel obtained from plants which, for production of
organic matter in the photosynthesis process, use atmospheric carbon dioxide and release oxygen to
the atmosphere.

The fuels in question exceed the admissible carbon dioxide emission level determined in the
standard applicable to the specific vehicle. Still, one needs to emphasize that the analyzed vehicle
was approved under the NEDC procedure which, as stated above, generalized the data related to
movement of the vehicle in actual conditions.

3.2. Result from Simulation

Figure 10 presents analysis results for the analyzed fuels pursuant to the IMPACT 2002+ method.
For the sake of graph legibility, presentation of results in the ‘single score’ mode, i.e., aggregated graph,
was selected. In this form, results are presented in the mPt unit.Energies 2020, 13, 561 20 of 29 
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Based on Figure 10, it may be inferred that the fuel characterized with the greatest environmental
impact at the production stage are fatty acid methyl esters (FAME). This solution demonstrates
significant influence onto ecosystem quality, as the fuel is obtained from oil plants. Cultivation of
such plants requires transformation of land in production related purposes, which results in a high
value of the coefficient. However, this fuel has beneficial impact onto climate changes, similarly to
biobutanol, because—as fuels obtained from organic matter—they have negative environmental impact
thanks to natural carbon dioxide absorption. The above results from the life cycle of plants and trees



Energies 2020, 13, 561 20 of 29

they are obtained from, as an assumption is made regarding balancing of CO2 absorbed during the
photosynthesis cycle with carbon dioxide produced at further stages of the fuel’s life. Conventional
diesel fuel showed the greatest impact onto natural resources, which is caused by production of the
fuel from crude oil.

The next step involved analysis related to production of selected fuels exclusively in terms of
carbon dioxide emission. Figure 11 below presents results of the Greenhouse Gas Protocol method.
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Based on the results obtained under the GGP method, it may be concluded that FAME is the
fuel characterized with the lowest carbon dioxide emission in production processes. Butanol came
second, while the highest level of emission was connected with production of diesel fuel. In the case of
biofuels, negative emissions result from carbon dioxide absorption by plants used for production of the
fuel. This process may also be included in production of butanol from waste biomass. Consequently,
considering the whole product life cycle, it may be concluded that industrial fuel production is
characterized by greater emissions than acquisition of energy media from organic matter.

The last stage of LCA analyses involved comparison of direct emissions obtained in the simulation
with those obtained pursuant to the GGP method. In order to evaluate the whole life cycle of the fuels
and their total emissions, the data were aggregated taking into account the assumptions stated in the
Methods section. Results from combination of production emissions with those from fuel burning are
presented in Table 9.

Table 9. Total carbon dioxide emission from analyzed fuels during life cycle.

Diesel FAME Butanol

CO2 total emission from fuels (start–stop system ON) (t) 26.98 −32.85 12.43

CO2 total emission from fuels (start–stop system OFF) (t) 27.29 −32.51 12.74

Based on the above results, it may be concluded taking into account the whole life cycle of the
fuel that the medium characterized with the lowest carbon dioxide emission turned out to be FAME.
Analyzed biobutanol demonstrated an emission of 12.43 tonnes CO2, which is still half of the emission
from conventional diesel fuel characterized with the highest carbon dioxide emission level. In the
comparison, influence of the start–stop system installed in the vehicle is also noticeable which, if used,
resulted in the exhaust gas emission level lower by—on average—app. 1.66% than if the system was not
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installed in the vehicle. The greatest influence of the start–stop system was observable for biobutanol.
The higher is hydrogen content in the fuel as compared to the carbon content, the lower is the CO2

emissivity 13.4/86.5 (0.1549) ON, 12.0/78.0 (0.1538) FAME, 13.5/64.8 (20.83) biobutanol. It follows that
diesel has the highest CO2 emissions, followed by FAME, and biobutanol the lowest.

The results of the analysis of carbon dioxide emissions in the context of the fuel life cycle are
shown in Figure 12.
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Figure 12. Comparison of carbon dioxide emissions from fuels in the context of the fuel life cycle.

Figure 12 shows that each fuel has different emissions depending on its life cycle. After taking
into account the emission data resulting from the fuel life cycle, the final results are summarized in
Table 10.

Table 10. Carbon dioxide emissions for a given fuel over the vehicle’s life cycle.

Fuel CO2 Total (t)

Diesel 26.98
FAME −32.85

Butanol 12.43

In the case of butanol, total emission is half of that recorded for conventional fuel.
The FAME fuel showed the lowest total emission, reaching more favorable values than both

conventional fuel and butanol.

4. Conclusions

Analyses performed based on computer simulation allowed determination of the carbon dioxide
emission profile for selected fuels, in accordance with the predefined test procedure and taking into
account operation of additional systems in the vehicle (“start–stop” system).

• Biobutanol turned out to be characterized by the lowest emission levels. Interestingly enough,
the trend maintained despite increased consumption of this fuel as compared with FAME. Fatty
acid methyl esters demonstrated higher CO2 emission than alcohol-based fuel, despite lower
requirements for the medium.

• Simulation studies have confirmed that using the start–stop system, decreases CO2 emissions and
the consumption of the fuel mixtures investigated.
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• Total carbon dioxide emission was lowest in the case of biobutanol (3.80 kg in the test), followed
by diesel fuel (3.81 kg in the test), and highest for FAME (4.08 kg in the test). The CO2 emission
reduction obtained from the simulations is consistent with the results of the experimental studies
referred to in the references review.

• As compared with the exhaust gas emission standard applicable to the analyzed vehicle, none
of the fuels fulfilled the requirements. One ought to emphasize that the said norm was related
to the NEDC test procedure, characterized with lower accuracy and, thus, the vehicle was able
to fulfil the emission limits on the basis thereof. In connection with the perspective of lowering
admissible emission limits for newly manufactured vehicles by 2030 (reduction of the limit by
over 40% as compared with the one applicable in 2015), implementation of low emission solutions
in all possible aspects will be necessary.

• According to the LCA analysis, FAME turned out to be the fuel with the lowest total emission.
Yet, its production has the greatest environmental impact. It should be noted that production of
long chain fatty acid esters from oil plants is competitive towards the food related purpose of
such plants. The second place was taken by biobutanol, whose total carbon dioxide emission was
nearly by one half lower than that of classical diesel fuel. Diesel fuel demonstrated the highest
values of emitted CO2 among all analyzed fuels, including the stage of production process.

• As fuel based on lignocellulose, biobutanol appears a promising energy medium, whose advantage
comes from lower carbon dioxide emission as compared with conventional fuel which, in the
light of stringent requirements and high declared CO2 reduction levels, speaks very much to its
advantage and encourages deeper theoretical and practical research into commercial application.
Moreover, production of biobutanol from waste biomass carries additional possibilities to utilize
useless matter.

• The physical and chemical properties of the biofuel and its percentage share in the fuel mixture
have a significant impact on the course of the combustion process, self-ignition reactions and the
rate of heat release, and consequently on gas emissions.

• The developed simulation constitutes a useful tool for initial research or planning of real
experiments. It may be an element of a more comprehensive system or an independent system.

• Basing on the presented results it can also be concluded that decisions taken with respect to
the processes of fuel production management should include the biobutanol produced from
lignocellulosic biomass as an effective additive to the fuel or even as a fuel itself assuring positive
environmental impact.

• The use of this type of fuel brings also the social effect since the biomass wastes are used for fuel
production instead of edible parts of the agricultural crops.

• All the conclusions mentioned above indicate lignocellulose origin as promising for production of
biofuel mitigating the carbon dioxide emission as well as avoiding consumption of edible parts
of plants as raw material for biofuel production. This should be accepted as an indication for
technology management as well as political decisions.

The available literature did not contain an approach that would link the actual research carried
out on the engine for extensive changes in operating parameters. Other authors only presented the
results of some tests but did not refer to the WLTP type approval tests, which are the condition for
the approval of a given vehicle for use on public roads. The article cites the results of such studies,
e.g., [12,13,58,59]. The present paper was aimed towards obtaining the answer whether, based on the
operational characteristics of the engine, it is possible to estimate the behavior of the vehicle under
the conditions of the WLTP dynamic test. The correctness of the simulation results was verified
by reviewing the literature and referring to permissible emission limits. Currently, the authors are
preparing a stand to perform full tests as part of driving tests.
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acquisition, A.Ś. All authors have read and agreed to the published version of the manuscript.

Funding: The authors wish to express gratitude to Lublin University of Technology for financial support given
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76. Państwowe Gospodarstwo Leśne Lasy Państwowe. Forest Report in Poland; 2018. Available online:
https://bip.lasy.gov.pl/pl/bip/px_~{}raport_o_lasach_2018_do_bip.pdf (accessed on 16 November 2019).
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Opolskiej: Opole, Poland, 2005; pp. 120–310.
113. Brozi, A. Scilab w Przykładach, 1st ed.; Wydawnictwo Nakom: Poznań, Poland, 2007; pp. 62–209.
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