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Abstract: The depletion of conventional energy sources, including crude oil, is one of the cause of the
search for alternative carriers and fuels in order to prevent an energy crisis. Due to the progressing
climate change, each new solution must comply with the principles of sustainable development.
Dynamic development in the transport sector and, as a consequence, the increase in the number of
vehicles on the roads negatively affect the atmosphere and the environment, which is why the share of
biofuels, which are used to minimize this negative impact, is steadily increasing. This paper analyzes
the emissivity (emission capability) of biofuels such as fatty acid methyl esters (FAME), ethanol,
dimethyl ether and butanol and compares them with conventional fuels. A computer simulation
was used, based on the real parameters of vehicles and fuels. The test procedure was carried out
in accordance with the appropriate New European Driving Cycle (NEDC) approval test for such
cars. In addition, a life cycle assessment (LCA) for the fuels and vehicles in question was carried out
using the SimaPro package. Based on the results obtained from the z computer simulation, it was
found that diesel fuel showed lower emissivity than petrol and its alternatives. However, FAME fuel
provided more carbon dioxide than conventional diesel. As far as petrol is concerned, it was less
emissive than dimethyl ether. Ethanol and butanol reduced emissions by 7% and 15%, respectively.
After taking into account CO, emissions generated in the production process, both FAME and butanol
were not very favorable in the context of other fuels. The results might be used for appropriate fuel
use management.

Keywords: biofuels; clean combustion; Scilab simulations; SimaPro; ecological fuels; CO, emission

1. Introduction

Sustainable development in modern times has become a key determinant of shaping society and
the economic systems of states. It is particularly visible in the legislation and strategic documents of
countries and communities. Bearing in mind the depletion of conventional energy carriers and the
deteriorating condition of the natural environment, it has become necessary to reconcile technological
progress and prosperity growth with care and maintaining balance in nature [1,2]. The multitude
of definitions of sustainable development results from economic diversity and numerous sectors
in which it should be used; however, they have one thing in common, namely taking into account
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environmental conditions (development, restoration, respect, increase of resources, care for the
state) [3,4]. An undoubted threat is the excessive emission of greenhouse gases into the atmosphere,
including carbon dioxide, which is considered the main anthropogenic factor, deepening the greenhouse
effect and increasing the average temperature on Earth [5].

The fuel and energy sector reflect the state of the economy around the world [6,7]. Energy security,
sustainable development and environmental protection are the priorities of the European Union.
Increased emphasis is placed on the development of new technologies in the energy sector [8-11],
promotion of electromobility [12,13], and a departure from fossil fuels [14-16]. In the wake of the
oil crisis and the progressing pollution of the environment, replacing non-renewable fuels with their
renewable counterparts in the event of total depletion of fossil resources has become a priority [17-19].
An important goal in the energy policy of the European Union member states is to increase the share
of biofuels and biocomponents in the fuel market [20,21] as well as to reduce CO, emissions into
the atmosphere [21-24]. The most desirable types of fuel are second-generation biofuels, produced
from raw materials unfit for human consumption, whose use is consistent with the principles of
sustainable development [25,26]. For petrol, possible substitutes are primary alcohols such as ethanol
and methanol, secondary alcohols and ethers, while for diesel, oil-vegetable oils and their derivatives
(higher fatty esters) [27,28]. The most popular alternative to petrol is ethanol, which is obtained as a
result of a complex treatment of raw materials rich in polysaccharides, e.g., starch. Moreover, cereals
and molasses (mainly from sugar cane and beetroots) constitute good materials for the production of
this fuel [29-31]. Dimethyl ether (DME), whose properties are similar to those of LPG, is also possible
for application. It has a high cetane number and is relatively inexpensive to produce [32]. It is obtained
in a complex process of indirect and direct synthesis from raw materials such as biogas, biomethanol
or biomass, including lignocellulosic biomass [33,34]. For diesel, a popular replacement is FAME fuel,
i.e., methyl esters of higher fatty acids, occurring as an additive or a standalone fuel (biodiesel). This
fuel is produced by esterification of fats present in vegetable oils (e.g., rapeseed, sunflower) or animal
fats [35,36]. Due to its promising ecological properties, the use of butyl alcohol obtained from biomass
(biobutanol), as a substitute for classic diesel, is subject to increasing verification. Biobutanol, similarly to
ethanol, is obtained by fermentation in anaerobic conditions but using different microorganisms in the
process [37,38]. This alcohol can be obtained from a variety of biomass types such as sugar cane, beets,
wheat, but also corn stalks, straw and wood waste, which are all rich sources of lignocellulose [39].

The current energy and environmental regulations applicable in the European community largely
focus on energy efficiency and the reduction of carbon dioxide emissions, which is considered to be the
main anthropogenic factor which intensifies the greenhouse effect [40].

In 2017, the global emission of carbon dioxide into the atmosphere amounted to 36,153 MtCO,.
The largest emitters include China (9439 MtCQO,), the United States (5270 MtCO,) and India (2467
MtCO;). The European Union states were responsible for about 10% of global CO, emissions [41].
Within the European Union, the highest loads of carbon dioxide were emitted from Germany (799.4
MtCQO,), Great Britain (384.7 MtCO,), France (356.3 MtCO,), and Italy (355.5 MtCO;). Poland emitted
326.6 MtCO,, which is why it ranked fifth among emitters in the European Union [42]. According to
the data from the European Environment Agency, Poland, compared to other EU-28 Member States,
recorded the largest absolute increase in emissions. About 25% of the total carbon dioxide emissions
originates from transport, while over 70% is provided by road transport.

Under the EU Emissions Sharing Regulation (ESR), Poland is obliged to reduce greenhouse gas
emissions from sectors not covered by the Emissions Trading Scheme (non-ETS). This includes mainly
construction, transport, agriculture. According to the concluded agreements, Poland has to reduce its
non-ETS sector emissions by 7% in the period 2020-2030 compared to 2005 [43]. Analysis of options to
deliver the required reductions and implement actions that contribute to reducing transport emissions is
ongoing. One of the ways to reduce C0, emissions in Poland is to increase the market share of biofuels.

Due to the numerous advantages and the growing need for broadly defined mobility [44], the
share of motor vehicles is constantly increasing. According to the European Environment Agency,
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passenger cars were responsible for over 60% of emissions from transport in 2016. Freight vehicles
(light and heavy trucks) provided about 38% of CO; emissions. The number of vehicles in Poland,
especially passenger cars, is growing every year. In 2017, the total number of motor vehicles in Poland
amounted to 29,762,900, of which 22,569,900 items were passenger cars. For comparison, the vehicle
fleet 5 years earlier was 24,877,700 in total, of which 18,744,400 were passenger cars [45,46]. A distinct
increase in the share can be seen in this segment.

The European Union has undertaken a consistent fight against climate change and committed
itself to reducing emissions by at least 40% in time horizon until 2030 and by at least 60% by 2050 (with
reference to 1990). Due to the high invasiveness in this area, the requirement to reduce greenhouse
gases is also being enforced in the area of transport [47]. The objective can be achieved by a sum
of organizational innovation, low-carbon technology deployment, smart management of energy
production and consumption [48,49]. This is why efforts have been made for many years to increase
the use of low-carbon sustainable fuels and propulsion systems, to promote research and development
aimed at increasing transport efficiency and to develop local energy networks [50,51].

In the face of restrictive regulations regarding the reduction of greenhouse gas emissions (mainly
CO,) and the increase of bio-based additives in fuels [52,53], it has been deemed reasonable to determine
the impact of required biofuels and bio-additives on the emission of carbon dioxide from internal
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 gCO,/km in 2015 to 65 gCO,/km in 2030 [52,54].

The purpose of this work was to determine the level of carbon dioxide emissions from conventional
fuels and biofuels. For this purpose, computer simulation was used, which reflects the set cycle
of the considered engine. The research covered the development of a simulation model based on
mathematical relationships both regarding engine operation and fuel combustion processes and exhaust
emissions, obtaining and transforming the results for comparative purposes with applicable limits,
assessment of the emissivity of the tested fuels in terms of carbon dioxide and indication of carriers
that may contribute to reducing the negative impact of transport on the environment.

In the available literature, no approach has been found that would link actual engine tests for
broad changes in operating parameters. Other authors in the literature have only presented the results
of these studies, but have not referred to the NEDC (New European Driving Cycle) type-approval
tests that condition the vehicle’s entry into service on public roads [55]. It seems that the calculation is
limited to a conversion of carbon content in fuels to end-of-pipe CO; emissions. While this a suitable
proxy, you cannot draw conclusions for a climate mitigation policy from end-of-pipe CO, emissions.
You are missing upstream emissions and CO, uptake for bio fuels. This changes everything. (Bio)
fuel research will be much more advanced if it includes life-cycle assessment. The intention of the
authors of this manuscript was to answer the question whether based on the operational characteristics
of the engine, it is possible to estimate the behavior of the vehicle under the conditions of the NEDC
dynamic test. This combination of actual test conditions and a simulation model in road conditions
will allow other vehicles to estimate their environmental impact in the future without the need for
costly driving tests. Acquiring research results in this way has many advantages and does not threaten
any actual objects. Fuels that constitute the power source should be treated as an important structural
element, taking into account in the design and operation phases. Due to its functions, the fuel cannot
be properly defined without specifying its purpose and properties. It should be remembered that at
the stage of designing fuel systems of modern passenger cars, the use of fuels other than conventional
petrol and diesel fuels [56-58] was not taken into account, in which case real experiments would have
negative and irreversible effects. Fuel mixers require adaptive testing to tailor the fuel properties to
a particular engine. Thanks to computer modelling, a significant amount of data is obtained in an
accessible form and affordable time, which can be the basis for planning experiments on actual physical
objects [59,60]. This method is practically cost-free and any modifications are possible in a simple and
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quick way. It should be emphasized that the model is based on actual fuel consumption and emission
characteristics for given engines, thanks to which the real results are obtained in the context of a given
engine. In the available literature, similar estimates are often made basing on ready conversion factors,
which generalizes the results. In the case of bench tests or road tests, there is a risk of errors coming
from external factors. In the case of computer simulation, such incidents do not occur and do not
disturb the results obtained.

The way in which cars affect the environment is very complex, and the assessment of the
environmental impact is complicated and in many cases, ambiguous. During the life cycle of a car, its
use is a dominant source of environmental pollution. The possibility of applying the assessment of the
cycle of existence in the automotive industry, despite the rich literature, with the involvement of the
industry and significant resources allocated to research programmes, is debatable. Published analytical
results are often inconsistent and even lead to contradictory conclusions. The reason for this state of
affairs is a far-reaching freedom of choice of assumptions and input data by the authors of the research.
There are no clear criteria for assessing the life cycle of a car—different methods are commonly used,
the results relate to different impact categories, whose quantitative indicators are also not always the
same [61,62]. This situation also results from the lack of data on a commercial scale and the need to
build complex mathematical models and advanced computer tools. This suggests that the results of the
published analyses are highly uncertain and lead to caution in their interpretation. In the vast majority
of studies, the life-cycle assessment method does not take into account the different traffic conditions
that characterize the typical use of vehicles. Instead, assumptions are made based on the results of
type-approval tests, based on standard driving tests (carried out for one specific type of fuel) or even
assumes that the emission values are equal to the limits set by the exhaust emission standards applicable
to the vehicle. Although this approach makes it possible to benchmark cars, it does represent a major
simplification and should not be taken into account when assessing the environmental performance
of cars in actual use. For the purposes of LCA analysis, emission levels obtained from computer
simulation of driving tests of two popular motor vehicles have been implemented. In consequence, the
results of the analysis are more reliable and better assess the life cycle of the analyzed fuels (including
biofuels from plant raw materials) in the context of the vehicles tested.

The production of biofuels from plant materials brings wide possibilities of reducing CO,
emissions [63,64]. Reduction of greenhouse gas (GHG) is implemented, among others, by improving
agrotechnics of crops, for example by using no-tillage cultivation, indirect land use change [65] or
using less energy-intensive processing processes for given substrates [66], using lower emission fuels
to power machines and devices in the harvesting and processing [67], limiting transport distances in
the manufacturing process [68]. In addition, biomass conversion is considered as a closed cycle due to
CO; sequestration by plants from which energy is produced. According to the RED directive, this
capture is not included in the biofuel life cycle greenhouse gas balance, however, this process is actually
taking place and can be considered as an estimate, which further increases the reduction potential of
the energy carrier. Due to the above, it is possible to obtain negative CO, emission results throughout
the entire life cycle from the production stage to the moment of utilization for the considered fuels of
vegetable origin [69,70]. The described case will occur in the analysis of LCA results.

Modern propulsion units, despite technological progress and continuous improvement, resulting
from market needs and legal conditions, are still designed for the fuels used so far, such as gasoline
and diesel. Throughout the history of their use, these fuels have not experienced many changes in
their operational properties and parameters, hence, the injection systems still available are designed
with respect to characteristics of a traditional carrier. Modifications being introduced to these systems
focus on increasing their productivity and economic factors [56,58,71]. Problems with the use of clean
biofuels in modern engines are dictated by the need to assure the same properties as the reference
fuel [72]. As demonstrated earlier, biofuels differ from fossil ones in two aspects: chemical composition
and physical parameters.
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From the point of view of physicochemical properties and composition, the use of 100% biofuel is
not possible without changes in engine construction, but it is highly desirable due to the ecological
effects. Currently, the share of biocomponents being added to conventional fuels corresponds to the
adopted regulations of the European Community. Directive 2009/28/EC of the European Parliament
introduced the share of bio-additives at the level of 7% of the addition of fatty acid methyl esters
to diesel fuel B7 and 5% ethanol addition to gasoline E5 [68]. However, Directive 2014/94/EU of the
European Parliament and of the Council of 22 October 2014 on the development of alternative fuels
infrastructure (Text with EEA relevance) introduces the possibility of increasing biocomponents content
in classic fuels to 10% [73].

This directive maintains the position that currently, biofuels are the most important type of
alternative carriers that can significantly reduce the emission of carbon dioxide into the atmosphere,
assuming that their production takes place in a sustainable manner. Biofuels are treated as fuels that
provide clean energy for all transport vehicles. Keeping in mind the statements of Directive 2014/94/EU,
it is worth looking at the production of individual fuels and taking into account the total carbon dioxide
production resulting from the whole life cycle of a given fuel.

Pure conventional fuels and pure biofuels were analysed in the LCA approach. The purpose of
the analysis was to determine the CO, reduction potential of individual fuels, so their mixtures were
not significant here. If the production of any of the fuels shows high emissions, its mixtures will also
be burdened with a high percentage of CO, emission, even if only some percentage of the additive
is taken into account. The LCA analysis only supplemented the results of the simulation in order
to broaden the view on the issue under consideration. The third stage of the LCA, which took into
account the results of direct emissions taken from the simulation, was based on the 100% content of
individual fuels, which gave a comparative picture of emissions for individual carriers.

The simulation model solutions presented in the article refer to the research, carried out by the
team of authors, on the operation of engines fueled with the composition of fuel mixtures with the
addition of biocomponents [74,75].

2. Materials and Methods

2.1. Nomentclature and Units

The following list contains a collection of the most important quantities used in calculations,
together with appropriate symbols and units (Table 1).

Table 1. Symbols and units used in calculations.

Symbol Description Unit
Zap constant air demand for the fuel mixture [8air/8fuel]
Zapgs air demand constant for petrol 95 [Zair/gfuel]
Zapy air demand constant for the additive [8air/gfuel
u mass fraction of the additive in the mixture [8biofuel/Gmixture]
Op calorific value for the fuel mixture [k/gl
Opgs calorific value for petrol 95 [k]/g]
Opy calorific value for the additive [k/gl
v(t) the momentary speed of the vehicle in the test [m/s] or [km/h]
tk the end time of simulation [s]
a vehicle acceleration [m/s?]
Fk moment value of force on wheels [N]
R wheel radius [m]
Pm power transmission ratio for torque [-]
Pw drivetrain ratios for rotational speed [-]
Mp momentary torque value on the vehicle transmission [N-m]
wp the instantaneous speed value on the vehicle transmission [rad/s]
fu the hourly fuel consumption function dependent on the speed and torque [g/h]
we rotational engine speed [rad/s]
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Table 1. Cont.

Symbol Description Unit
Me engine torque [N m]
fuel fuel flux lg/s]
air air flux [g/s]
Ee energy flux supplied by the fuel [J/s]

n efficiency []

2.2. Materials

The real parameters of the Fiat Panda 1.3 MultiJet passenger car, equipped with a diesel engine
and Fiat Seicento 1.1 with a petrol engine, were implemented for the simulation. These particular
vehicles were chosen because of their typical urban character (small displacement capacity of the
engine, small dimensions) and the different fuels with which they are supplied.

It should be pointed out that in urban areas, motor vehicles are responsible for 70-90% of atmospheric
air pollution [76] and the specificity of cities’ spatial management impedes self-cleaning of the air (limited
urban greenery, lack of open spaces), which prevents “airing”, a significant amount of paved surfaces,
which favors accumulation of freely floating dust [77]. Furthermore, by comparing two different engine
types, it was possible to estimate which of the two units is described by potentially lower emission.

The Fiat Seicento with the 1.1-litre Fire 8v petrol engine achieves maximum power (40 kW) at
5000 rpm and maximum torque (88 Nm) at 2750 rpm. The stroke of the piston and the inner diameter
of the cylinder are 72 x 70 mm. The timing drive is realized with a belt with one shaft, embedded in an
aluminum head. The construction is four-cylinder with two valves on each cylinder. The tappets are
driven directly [78]. According to the manufacturer’s data, the fuel consumption in the urban cycle is
7.2 L/100 km, the combined cycle 5.8 L/100 km and the extra-urban cycle 4.8 L/100 km.

The Fiat Panda, equipped with a modern 1.3 L MultiJet II diesel engine is a compact vehicle designed
for a typically urban use. The maximum power (75 HP) is achieved at 4000 rpm and the maximum torque
(190 Nm) at 1500 rpm. The fuel delivery system is implemented via a Common Rail injection system. The
engine’s construction is based on a 16-valve DOHC head and a chain-driven timing [79,80]. Based on the
manufacturer’s data, the fuel consumption in the urban cycle amounts to 4.7 L/100 km, in the extra-urban
cycle 3.5 1/100 km and in the combined cycle, the consumption is 3.9 L/100 km [81].

Table 2 summarizes the basic technical data for the 1.1 Fire and 1.3 MultiJet II engines.

Table 2. Basic technical data of the engines: 1.1 Fire and 1.3 MultiJet IT used in the simulation.

Parameter Unit 1.1 Fire MultiJet IT
Cylinder layout - in-line in-line
Number of cylinders, c - 4 4
Type of injection - direct, multistage direct, multistage
Compression ratio, e - 9.6:1 16.8:1
Diameter of the cylinder, D mm 70 69.6
Piston stroke, S mm 72 82
Engine displacement, Vss cm3 1108 1251
Maximum engine power, Ne kW 40 55
Engine r(.)tatlonal speed for its rpm 5000 4000
maximum power, nN
Maximum engine torque, Me Nm 88 190
Engine r.otational speed for its rpm 2750 1500
maximum torque, nM
Rotational speed of idle gear, nbj rpm 850 + 50 850 + 20

Computer simulations enabled the use of fuels with different properties. For the purposes of
this study, the following conventional fuels were used: petrol 95, diesel fuel and alternative fuels
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(100% content): ethanol, methanol, dimethyl ether (DME), fatty acid methyl esters (FAME), butanol.
The selected properties of the fuels used are listed in Table 3 below [82-85].

Table 3. Selected properties of the fuels applied. FAME—fatty acid methyl esters; DME—dimethyl ether.

Parameter 95 Petrol Ethanol  Methanol DME Diesel FAME Butanol
Carbon content [%] 86.4 52.1 37.4 52.1 86.5 78.0 64.8
Hydrogen content [%] 13.6 13.1 12.5 13.1 134 12.0 13.5
Oxygen content [%] 0.0 34.7 49.9 34.7 0.0 10.0 21.6
Calorific value [k]/g] 45.0 304 20.1 28.8 44.0 37.0 33.0
Air demand [g,ir/gfuell 14.7 9.06 6.51 9.06 14.5 12.5 11.2

The above table shows that fuels of biological origin have different properties than their
conventional counterparts. In the case of diesel fuel and FAME fuel, the largest difference is the content
of carbon and calorific value (higher for diesel fuel) as well as oxygen content (higher for FAME
fuel) [83,84]. In the case of petrol and its equivalents, the largest differences can be seen in the oxygen
content (higher for alternative fuels), carbon content and oxygen demand (higher for petrol) [85].

In order to calculate the air value that is necessary to burn a specific fuel mixture, the air demand
parameters defined for separate components of the mixture were used. The resultant value of the air
demand was calculated according to the dependence:

Zap = (1-u)- Zapgs +u- Zap 4 [gair/gfuell 1)

In successive algorithms of the simulation model to determine the value of the fuel mixture
stream generating the same value of flowing chemical energy as in the case of 95 petrol, the calorific
value parameters for separate components of the mixture were used. The resultant calorific value was
calculated based on the given dependences:

Op = (1-u)-Opgs +u-Opy [K]/g] )

To calculate the emissions of carbon dioxide and water vapor, it was necessary to determine the
resultant mass fractions of chemical components: carbon, hydrogen and oxygen.

2.3. Methods

Scilab software was used to build simulation models. It is an open source science package
offering advanced calculation functions in a user-friendly form. The program offers dynamic model
making based on complicated mathematical calculations and algorithms. Its scope includes design,
simulation, recording and compilation of developed solutions. Its computing functions are mainly
concentrated on solving differential equations, solving linear and nonlinear systems, generating random
numbers, fast Fourier transforms, algorithms and their optimization, determination of vectors and
eigenvalues. The program environment also enables the creation of low-level utility graphics (cursor
coordinates, polygons) and high-level graphics (curvatures, contour charts). In the research conducted,
a built-in Xcos package was used, which is the equivalent of Simulink for the popular Matlab program.
This component enables the creation of block diagrams that reflect the actual dependencies that occur
in the modelled system. This type of solution is quite intuitive for the user and reduces the possibility
of errors, whilst all calculations are performed within the developed systems. In the Xcos module, apart
from building the model, you can edit it, create model blocks and perform simulations. The software is
widely used in the construction of real mechanical systems (e.g., in the automotive industry), control
systems or in designing other dynamic systems, e.g., hydraulic circuits [86].

Besides choosing the right software, it was also important to select the right work cycle for each
vehicle in order to reliably verify the results obtained. Each newly manufactured vehicle, before it is
allowed to drive in public, must undergo the homologation procedure to determine the values of its
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various parameters (including exhaust emissions) and compare those values with applicable standards.
The NEDC (New European Driving Cycle) homologation test has been in force since 1990 and it was
on its basis that the decision was made to permit entry into service for the new car.

From September 2018, car manufacturers may sell new cars on the condition that they meet the new
standard of fuel consumption and emissions in accordance with the WLTP (Worldwide Harmonized
Light Vehicle Test Procedure) test standard (there has been a departure from the NEDC test when
certifying vehicles for WLTP and RDE—Real Driving Emissions) [87,88]. The new regulations also
includes models of cars that have been approved earlier using the NEDC test, and are still not sold
(they must be certified according to WLTP). Recently, many times, the withdrawal of individual car
models, or engine versions occurred because they did not meet the new rules.

In spite of those restrictive tests, still on the roads of many EU countries (and not only the EU) there
are cars that are about 10 years old and do not meet neither the WLTP, nor NEDC [89,90] standards.
Therefore, the older NEDC procedure was chosen, which both vehicles, Fiat Seicento and Fiat Panda
included in the study, were originally subject to.

The NEDC test lasts 20 min (1200 s) during which operation is performed under various conditions.
The test is divided into two parts: the urban cycle and the extra-urban cycle. In the urban cycle, which
represents the vehicle movement in typical city conditions (stops, moderate speeds, average driving
dynamics), there are four recurring driving phases from the slow acceleration of the car to reaching
the respective speeds of 15, 32 and 50 km/h. Each acceleration is followed by stopping the vehicle for
a specified time. The vehicle in the urban cycle covers about 4 km in 13 min and its average speed
is 18.35 km/h. The extra-urban cycle is to simulate driving in non-residential areas and motorways
(higher speeds, high driving dynamics, no stops). This is where the vehicle accelerates to the following
speeds: 70, 100 and 120 km/h respectively. The vehicle does not stop, only slows down to 50 km/h for a
period of about 70 s. At this point, the distance of about 7 km is covered in 6 min and 40 s and the
average speed is 62.6 km/h. The result of the test is the average fuel consumption and the emission of
carbon dioxide and other exhaust components [91,92].

The diagram of the simulation model developed as part of the tests conducted is shown in Figure 1.

[ "Drive system" module

y -
|"NEDC generator" module]\

= acceleration [m/s?] vehicle speed [kph] . = drive wtheil]radius [m]
= vehicle weight [kg] force exerted onthe | . geaf refio 1 - .
= rolling resistance [N] wheels [N] * main transmission ratio [-]
= gerodynamic resistance »
[N/(kph)?] \

hicl d
"Engine" module \: vehicle speed [m/s]

- rotational speed of the gearbox
= checking the correctness input shaft [rad/s]

of ranges of engine <
rotational speed changes

[l <

torque of the gearbox input shaft
[N-m]

= N\
/["Calculations for fuel/air" module]\

= engine torque [Nm]

= engine speed [rad/s]

= characteristics of the air and fuel

= demand [gruel/gair]
"Calculation emission
from fuels" module l l l l

= stoichiometric J: = fuel stream [g/s]

instantaneous speed value [rad/s] |

instantaneous torque value [N-m]

=\

shares of the * air quantity [g/s]
mixture [gruel/gair] = energy stream from the
combustion of the mixture [J/s]

mass emission stream of COz [g/s] > /\/\ ¢ * *

= engine efficiency [-]
mass emission stream of H20 [g/s] /

total emission of both compounds [kg]

N

Figure 1. Diagram of simulation model on the basis of which the mass exhaust values were calculated.
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In order to correctly calculate the carbon dioxide emission values for the vehicles included, it was
necessary to take into account their technical parameters and dependencies occurring during the test.
It was also necessary to develop a module that would provide parameters characteristic of the NEDC
driving test. The input data applied to the model was adopted based on the parameters of the actual
test bench for the measurement of diesel emissions. The simulation model, therefore, consists of 5
modules, which are described below.

2.3.1. The Module “NEDC Generator”

Based on the information provided about the vehicle acceleration, computational mass, air and
rolling resistance for each vehicle, this module generates signals characteristic of the NEDC test, such
as vehicle speed [m/s] and force exerted on the wheels [N] (Table 4).

Table 4. Parameters for the “NEDC generator” module.

Parameter Unit Fiat Seicento Fiat Panda
vehicle weight kg 740 1020
rolling resistance N 5 6.15
aerodynamic resistance N/(km/h)2 0.0337 0.0412

Calculations of vehicle accelerations were carried out using a differentiating element.

tk
d= L v(t) dt [m] ©)
0= S5 3] @

Then, based on the parameters specified for driving tests, and being adequate for the selected
vehicle, load values are calculated that result from the vehicle’s movement. In addition to the load
associated with the vehicle’s resistance to motion, the simulation also calculates the load that is a
consequence of the efficiency of movement in the driving test. Then the calculated load values are
added together and forwarded to subsequent modules. This block also calculates the amount of energy
flowing between the brake rollers loading the vehicle. Next, the total value of energy send to the brake
rollers, as well as taken from the roller device is calculated.

tk

QY = | Q(t) dt [J] ®)

The values calculated during the simulation correspond adequately to the power and energy
transferred by the engine to the load as well as the power and energy needed to brake the vehicle at
the roller stand in the braking system.

2.3.2. The Module “Drive System”

The module, based on the data on the radius of the driving wheels, the range of gear ratios and
the main transmission, provides signals such as the speed at which the vehicle moves [m/s], the speed
of the gearbox input shaft [rad/s], torque of the gearbox input shaft [N-m] (Table 5).

Mp =Fk-R -Pm [N-m] 6)

rad
s

wp:—-Pw[ @)
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Table 5. Parameters for the “Drive system” module based on the manufacturer’s data.

Parameter Unit Fiat Seicento Fiat Panda
Radius of the vehicle wheels m 0.274 0.298
. . 0;1/13.9; 1/7.30; 1/4.78; 0; 1/13.46; 1/7.05; 1/4.55;
Drive system ratio for torque [-] 1/3.48; 1/2.98 1/3.24; 1/2.42
Drive system ratio for rotational speed [-] 0;13.926; 7.303; 4787, . 13 46, 7.05; 4.55; 3,24; 2.42

3.481;2.980

2.3.3. The Module “Engine”

This module checks whether the values calculated in the previous part are within the acceptable
range of engine speed variations. If there is compliance with the next part of the simulation, the
instantaneous values of the rotational speed [rad/s] and the torque [N-m] are transmitted.

In this block, the value of the idle speed value of 83.7 rad/s (800 rpm), corresponding to the
principles of the vehicle’s engine operation, is determined according to the following formula:

| Mp;Mp > 83.7rad/s
Me = 02d; Mp <0Orad/s [N-m] ®
_ wp; wp > 83.7rad/s [@]
we= ‘ 83.724; wp <837 rad/s || s ©)

The limitation of the engine torque due to the use of the unit fuel consumption characteristic for
the selected engine allowed the removal of the negative values of the torque acting on the vehicle’s
transmission, which correspond to the braking process of the vehicle in the test by the engine or
braking system.

2.3.4. The Module “Calculations for Fuel/Air”

In this part, fuel consumption is calculated based on the torque and rotational speed data.
This module includes universal characteristics and demand for fuel and air as a function of the torque
to the angular speed of the motor [77,93].

fuel = fu(we, Me)/3600 [%] (10)

air = fuel - Zap [%] (11)

On the basis of the speed and torque values and the aforementioned fuel consumption
characteristics, the instantaneous value of the fuel stream is determined Ee []/s].

Ee = pél -Op E] (12)

By obtaining the value of the fuel stream and using the value of air demand, the amount of air
necessary for the appropriate fuel-air mixture combustion process is then determined. Then, the
energy flow which is supplied by the fuel used was determined, taking into account the heating values
of petrol 95 and diesel fuel respectively. In the next step, the module calculates temporary engine

efficiency values n [-].

n = Mewe (13)
Ee
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On the basis of all the above data, cumulative values of fuel and air consumed during the whole
test are determined, using integral modules.

. Ee[g
fuel = _Op [s] (14)
e &
air = fuel - Zap [E] (15)

2.3.5. The Module “Calculation Emission from Fuels”

The last part of the numerical model is responsible for determining the emission of carbon dioxide
and water vapor for each engine, depending on the fuel used. On the basis of the implemented
stoichiometric proportions of the mixture, the module does calculations for a specific fuel.

An extensive description of the simulation model was placed in order to facilitate familiarization
with its construction and individual calculation stages. This is the main tool by which the results were
obtained, therefore, a significant part of this section was devoted to demonstrating the reliability of the
results obtained.

3. Results and Discussion

3.1. Computer Simulation of Driving Tests

The developed simulation model was used to conduct an experiment of two different engine
types, according to the NEDC test procedure, while feeding different types of fuels. Figure 2 shows the
results of the operation of the “NEDC generator” block, on the basis of which the following waveforms
can be seen: v-vehicle speed, d-distance travelled by the vehicle during the test, F-force exerted on the
wheels and p-gear number in the gearbox.

A B

= 1001 < 100

E]OO o ) ,dfj\ E _ /—L4f~fj\

SNV AWV AWAVATLYAY — A 5T ohnnananan/, . !
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

= 10 = 10]

=0 ~ 0

0 400 60 50 1000 1200 200 400 600 800 1000 1200

= Z
z O*WWHH’WW £ O-W'HWHHHJWWVLWM
-1000- -1000
400 400

600 800 ]000 1200

800 1000 200

| f— | I—

z nﬁpnﬁpnﬂpnﬂi | =N mﬂpnﬂpm,ﬂnﬂi |

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
t[s] t[s]

Figure 2. Signals generated by the “NEDC generator” module during the simulation (A—Fiat Seicento,
B—Fiat Panda).

The correctness of the entire model depends on the course of the above signals. It was found
that the courses are consistent with literature data, and that at this stage, there are no differences
(deviations) depending on the simulated engine type.

Figure 3 summarizes the results of the “Calculation emission from fuels” module, which was
responsible for determining carbon dioxide and water vapour emission in the test. The graphs show
COytpsT—mass emission stream of carbon dioxide during the test, HyOrgsr—mass emission stream
of water vapour, and CO,tor—total carbon dioxide emission and HyOror—total emission of water
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vapour from petrol 95 and diesel. Indexes were intentionally introduced to distinguish between mass
streams of substances (TEST) and total emissions of substances under consideration (TOT).

A B
= 5 n ]
£ 75 -"] f7 M)
3 ﬂo;_L,rL JL L.ut J qL,J | IR TN WYN WYN WYN W O
0 1000 1200 0 200 400 600 800 1000 1200
2 24

1 WEN 1]
0 0 T T T T T
200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
5 —11 s =l
S S &
ST “ oo
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
. 05
| 0.5_ E'_‘
i o |
=0 ; , . . . T 9 . : . . :
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

t[s] t[s]

Figure 3. Signals generated by the “Calculation emission from fuels” module during the simulation
(A—Fiat Seicento, B—Fiat Panda).

On the basis of the above graphs, slight differences in the mass emission of carbon dioxide and
water vapour for the discussed fuels can be observed. However, on the basis of the “total carbon
dioxide emission” chart, it can be seen that more CO, was emitted by the petrol engine.

Table 6 summarizes the detailed results in reference to the values obtained. The list includes the
total carbon dioxide and water vapour emissions for the individual fuels.

Table 6. Results of total carbon dioxide and water vapor emissions for the used fuels.

Fuel Type CO; [kgl H,0 [kg]
95 petrol 1.51 0.750
Diesel 1.29 0.488
Ethanol 1.41 0.898
DME 1.54 0.948
Butanol 1.28 0.657
FAME 1.38 0.517

On the basis of the table above, there are differences in the emission of the indicated compounds
in favour of diesel and its alternative fuel. During the test, the diesel engine emitted more than 17%
less carbon dioxide than the petrol engine. However, the FAME fuel turned out to be more emissive
in relation to conventional fuel, in terms of both carbon dioxide and water vapour. The difference is
about 7% CO;, and 6% H,O, respectively. In the case of petrol and its substitutes, the conventional
fuel, with its CO, emission values, ranked in the middle of its own alternatives. Butanol and ethanol
demonstrated a lower emissivity (15% and more than 7% less CO; in the test, respectively), while
dimethyl ether DME provided about 2% more. In the case of water vapour, the emission value, in
comparison with conventional petrol, was higher by approx. 20% for ethanol and 26% for DME,
respectively, while for butanol, it was lower by approx 12.5%.

The subject of consideration in this manuscript is carbon dioxide. Focusing on its emissions
from the fuels under consideration is closely related to the environmental policy of the European
Community and its Member States based on radical actions aimed at limiting emissions of this factor,
perceived as the main cause of global warming. Complementing the results with the value of water
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vapour emission was to indicate the relationship between the content of hydrogen and oxygen in the
fuels and the amount of emitted component. A higher content of these elements in the elementary
composition results in a higher emission of water vapour in the exhaust gases. According to current
knowledge, water vapour is indifferent to the climate. To date, no one has paid attention to the harmful
effects of increased water vapour content on the corrosion processes of exhaust system components in
the literature. This is particularly important in the winter season for the Polish climate zone. This leads
to condensation of the water vapour contained in the exhaust gases and in the presence of incomplete
hydrocarbon combustion compounds to accelerated corrosion of these elements.

The results presented in Table 7 is a direct emission resulting in the completion of the NEDC
test procedure. When calculating the “ecological effect”, i.e., the reduction potential of biomass and
biofuels, often earlier stages from the life cycle of a given raw material are taken into account, such as
“CO; capture” (e.g., photosynthesis cycle in plants), i.e., limiting carbon dioxide before the product has
been converted into biofuel. It should be mentioned that the NEDC approval test does not take into
account the life cycle of the fuel used, hence, direct emissions were used for the analysis. Simulation
refers to the behavior of a particular engine during a given travel test when running on a particular fuel.
In order to refer to existing CO, emission limits, the results obtained were converted into a comparison
unit (g/km) and compared to the permissible levels of these components, as set out in the relevant
standards. On this basis, it was estimated whether a given power unit could obtain entry into service
on the basis of this criterion.

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

Fuel Type CO; [kg] CO; [g/km] CO; [g/km] Limit from the Regulation

95 petrol 1.51 137.27 170
Diesel 1.29 117.27 130
Ethanol 1.41 128.18 170
DME 1.54 140.00 170
Butanol 1.28 116.36 130
FAME 1.38 125.45 130

A CO;, limit of 170 g/km was adopted for petrol. According to Table 2, this limit was in force in
2003, whereas the Fiat Seicento vehicle in question was manufactured in 2002. For Fiat Panda, the
limit was set at 130 g/km because its production date is 2015. Despite the differences in carbon dioxide
emissivity from individual fuels, each type of fuel is within the acceptable range of values. According
to the adopted postulates on reducing greenhouse gas emissions, such solutions should be chosen that
will reduce negative emissions.

3.2. LCA Analysis for the Vehicles in Question

The analysis served to supplement the research results with the impact of biofuels on carbon
dioxide emissions from the vehicles in question in the context of their entire life cycle. As defined in
the ISO 14040 standard, the Life Cycle Assessment (LCA) method is used to assess environmental
aspects and potential environmental impacts throughout the product’s lifetime. It is also one of the
techniques that has an impact on environmental management. The correct interpretation of the results
obtained may have a strong impact on further handling of the considered object, such as marketing
activities, social policy, product development and improvement in the long run.

The LCA analysis was performed in three stages. SimaPro ver. 9.0.0.48. This environment is fully
compliant with the requirements of ISO 14040. This is a professional tool enabling the analysis and
monitoring of information related to sustainable development. It is a source of scientific information
that allows a transparent and quick analysis of materials and processes in terms of assessing their life
cycle. Using the SimaPro package, one can model and analyze complex life cycles in a systematic way,
measure the impact of materials and processes on the environment, and analyze individual stages
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of the life of the tested objects. SimaPro uses the Ecoinvent 3 database containing high quality data
relating to Central European and Swiss conditions. First, the impact of unit production of selected fuels
on aspects such as “human health”, “ecosystem quality”, “climate change” and “resource” as well as
carbon dioxide emissions during these processes were determined. The analysis was performed using
the built-in IMPACT 2002+ method. It allows to determine the impact of the process or object under
consideration on the environment and human health. It is based on modern methods to conduct a
comparative assessment of the scale of toxicity for both human and ecosystems. Figure 4 shows the

results of the analysis for the fuels under consideration. The indicator unit is mPt.

Figure 4. Impact of a given fuel on indicated areas [mPt].

Based on the analysis using the IMPACT 2002+ method, it can be seen that the fuel with the
largest range of impact on the indicated areas are fatty acid methyl esters. The quality of ecosystems
has the greatest impact during production. It is somewhat related to obtaining them from oil plants,
whose cultivation requires transformation, development and cultivation of land. It is worth noting,
however, that this fuel has a beneficial effect on climate change. This is due to the absorption of carbon
dioxide and other substances by the plants from which it is produced. In a broader sense, biomass and
plant biofuels are treated as zero-emission, assuming that the amount of substances emitted during
combustion was absorbed during the development and life of the plant from which the fuel was
obtained. In the second place, the fuel with the greatest impact was butanol, which interfered the most
in human health and raw materials. Ethanol was the least invasive. Gasoline in this ranking turned out
to be more harmful than its alternative counterparts, while classic diesel oil in the production process
showed less impact on the areas in question.

As a further step in the analysis, the Greenhouse Gas Protocol method was used, which
provides information on carbon dioxide emissions in accordance with the greenhouse gas emissions
protocol. The results were divided into four categories: “Fossil CO, eq” or emissions from fossil
fuels, “Biogenic CO, eq”—emissions from biogenic sources such as trees or plants, “CO; eq from land
transformation”—emissions resulting from land transformation (impact direct) and “CO, uptake”—the
capture of carbon dioxide in a given process.

Figure 5 shows the results of the GGP method for the fuels under consideration.

The analysis based on the Greenhouse Gas Protocol method shows that the fuel with the most
favorable properties in terms of emissions during the production process is FAME fuel. It does
not generate carbon dioxide from fossil raw materials and has a high degree of CO, absorption.
Ethanol (of wood origin) is also characterized by a high level of carbon dioxide absorption. Butanol
produces the highest carbon dioxide production from fossil fuels (however, hydroformylated butylene
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propylene was adopted, what might be responsible for the result). Conventional fuels remain balanced.
Interestingly, their carbon dioxide emissions appears lower than their alternative counterparts.

Figure 5. Carbon dioxide emissions in the production process of a given fuel [%].

In the last stage, the CO, emission value for the production of the reference fuel unit (from the
Greenhouse Gas Protocol method) was taken into account and combined with the results obtained from
the simulation (fuel combustion). As a result, it was possible to determine carbon dioxide emissions
from the cars in question, taking into account the life cycle of the fuels used.

The data used in the last stage of the analysis are summarized in Table 8.

Table 8. Data used in the LCA analysis of selected fuels.

Fuel Consumption in the Cycle [L/100 km]

Urban Extra Urban Combinated
MultiJet II 4.7 3.5 3.9
1.1 Fire 7.2 4.8 5.8
Estimated Fuel Consumption I Car Service Life
95 petrol 9750
Diesel 6750
Ethanol 11,250
DME 11,250
Butanol 8250
FAME 8250
CO; Emission from Fuels in Production Process [kgCO»/1 kg Fuel]
Petrol 95 1.13
Diesel 0.341
Ethanol -1.34
DME 2.105
Butanol 3.18

FAME -7.01
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Table 8. Cont.

Fuel Consumption in the Cycle [L/100 km]

Urban Extra Urban Combinated
1.1 Fire 95 petrol 137.27
MultiJet 1T Diesel 117.27
1.1 Fire Ethanol 128.18
1.1 Fire DME 140.00
MultiJet 1T Butanol 116.36
MultiJet II FAME 15.45
Service Life of Car [km]
MultiJet 1T 150,000 km
1.1 Fire 150,000 km

The service of life car was adopted according to the LCA analysis performed for its cars by a
leading manufacturer of commercial vehicles [94,95]. In addition, a literature review confirms that the
value of 150,000 km is in accordance with ISO 14044 [96,97].

In the available literature, ready reference emission values are often used for similar analyzes
based on type approval driving tests, which makes the tests highly theoretical. Emission levels obtained
from simulations have been implemented for the purposes of this analysis, making them more reliable
and better able to assess the life cycle of given fuels in the context of the vehicles in question.

The results of the analysis of carbon dioxide emissions in the context of the fuel life cycle are
shown in Figure 6.

Figure 6. Comparison of carbon dioxide emissions from fuels in the context of the fuel life cycle.

Figure 6 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 9.

Dimethyl ether DME has the greatest potential to increase the greenhouse effect, which is a premise
to stop using it as an alternative fuel. Its total emissions exceeded the value for gasoline, which is
conventional fuel for it.

High emissions result from high emissions at the production stage. In addition, the DME has
a high carbon content in the elementary composition and one of the lowest calorific values, which
requires a higher consumption of this medium to meet the energy requirements of the engine.

FAME fuel showed the lowest total emissions, achieving more favorable values than both
conventional fuels and other biofuels. The most popular replacement for classic gasoline (ethanol) in
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the overall balance will achieve lower emissions than conventional carriers, while the alternative to
diesel (butanol) has outperformed diesel emissions.

Table 9. Carbon dioxide emissions for a given fuel over the vehicle’s life cycle.

Fuel CO, Total [t]
95 petrol 31.6
Diesel 19.9
Ethanol 8.0
DME 447
Butanol 43.7
FAME -39.8

4. Conclusions

The following conclusions were drawn on the basis of the conducted research:

e Having compared the results of the simulation, petrol turned out to be the fuel with a higher
emission of carbon dioxide. Conventional diesel will provide about 17% less CO,

e In the case of a comparison of diesel fuel with its alternative fuel FAME, the biofuel showed a
higher content of carbon dioxide (in the direct emission) by about 7% therefore. However, taking
into account the life cycle of this fuel, its emission balance is negative, so it will absorb more
carbon dioxide during production than it produces in the combustion process.

e  For petrol and its substitutes, the lowest value of emitted dioxide (in direct emission and lca) was
found in ethanol, while dimethyl ether DME provided more CO, than conventional petrol 95.

e  Butanol turned out to be less emissive in carbon dioxide than traditional petrol by more than 15%.
However, after taking into account CO, emissions generated in the production process, this fuel
did not look very favorable.

e  Despite the differences in emissivity, each fuel that participated in the test procedure was within
the limits setting the maximum CO, values allowed by the regulations

e  The fuel with the highest reduction potential in the range of carbon dioxide (in direct emission) is
butanol, however, its process generates a significant amount of CO5. It is worth considering its
production from plant raw materials, thanks to which this emission in the overall balance would
be much lower.

e  The developed simulation reflects the work cycle of actual engines powered by different fuels and
can be a helpful tool in the process of planning experiments or a valuable data source, helpful in
further considerations. The simulation model is universal and can be used to evaluate various
engines and fuels with various properties, making it a useful tool with a wide range of use.

The vehicles analysed are certainly not suitable for 100% alternative fuels. Therefore authors
in their research utilized computer simulations. In the currently conducted research, the results of
which are prepared for publication by the authors, the maximum content of methanol in the mixture
with petrol, which did not require any interference with the regulatory settings of the car, was about
85% [kg of methanol/kg of mixture]. Further increase in methanol already caused instability in the
motor’s operation.

High levels of reduction of carbon dioxide emissions into the atmosphere adopted by the European
Union require consistent and integrated actions in order to be achieved. Sustainable solutions should
also be introduced in the transport sector. The research conducted for this paper shows that especially
in the case of petrol, it is possible to choose a substitute fuel with similar properties, which will
additionally bring a beneficial effect for the reduction of greenhouse gases.

The analysis of fuel emissivity using the LCA method gives a broader view on the fuels under
consideration. It is considered an important element of decision-making processes in the selection of
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a product that reliably balances the total emissions incurred in connection with the production and
use of a specific product. Even if the direct combustion of a given carrier will have a relatively low
value of carbon dioxide emitted, it may turn out that at the production stage the emission and energy
consumption of processes is so high that, despite the low direct emission, the overall ecological effect is
negative and the use of a given fuel will negatively affect the natural environment.

At the current stage of the model development being presented in the article, the authors
decided to use standard vehicle speed courses as required for NEDC driving tests, repeatable operating
parameters of the tested vehicle and repeatable fuel parameters. It follows that the model is deterministic.
The model generates the same simulation results for a given set of input variables. The simulation
results obtained for individual fuels showed high compliance with real conditions, however, they
do not contain the random nature of real objects. The authors in the next stages of development of
the exhaust component model plan to expand the calculation algorithms that would introduce the
possibility of taking into account the following: the randomness of the physico-chemical parameters of
pile mixtures, the randomness of operational parameters and the randomness of the NEDC drive test
process itself. The results obtained then will have the feature of a random variable for which we will
be able to perform statistical tests.
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