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Katarzyna Botwińska 1 and Arkadiusz Gola 3

1 Department of Organization and Production Engineering, Warsaw University of Life Sciences,
Nowoursynowska Street 164, 02-787 Warsaw, Poland; remigiusz_mruk@sggw.pl (R.M.);
katarzyna_botwinska@wp.pl (K.B.)

2 Department of Production Management, Bialystok University of Technology, Wiejska Street 45A,
15-351 Bialystok, Poland; a.wasiak@pb.edu.pl

3 Institute of Technological Information Systems, Faculty of Mechanical Engineering,
Lublin University of Technology, Nadbystrzycka 38 D, 20-618 Lublin, Poland; a.gola@pollub.pl

* Correspondence: karol_tucki@sggw.pl (K.T.); o.orynycz@pb.edu.pl (O.O.); Tel.: +48-746-98-40 (O.O.)

Received: 15 April 2019; Accepted: 10 May 2019; Published: 16 May 2019
����������
�������

Abstract: Economic progress, development of transport, production of new cars, production of more
and more energy, and the combustion of fossil fuels are causing huge changes that are currently
occurring in the environment. Ecological problems of the contemporary economy combined with
perspectives of resources exhaustion, as well as the need to follow sustainable rules of living,
require the search for new fuels. Fuels which can assure their availability and good environmental
performance are needed for maintaining sustainable transportation. Knowledge about the behavior
of various fuels is necessary for realistic methods of technology management in transportation means
and the fuel industry. This paper describes biofuels that can be an addition to petrol or can exist as
standalone fuels. A simulation was carried out on an urban vehicle and the tested fuels were petrol
95, ethanol, methanol, and dimethyl ether. For the selected engine a simulation corresponding to that
of the New European Driving Cycle (NEDC) test was created using the Scilab package. Based on this
simulation, values of carbon dioxide and water vapor emission were determined. The fuel demand
for each fuel mixture and the amount of air for the fuels used were also calculated (and verified on
the basis of laboratory tests). It was demonstrated that addition of biofuel decreases emission of
carbon dioxide, simultaneously increasing emission of water vapor. Biofuel additive also caused
an increase in fuel consumption. Unfortunately, in the New European Driving Cycle test being
investigated, carbon dioxide emissions in all cases exceeded the permissible level of 130 g CO2/km,
which is bad news in the context of the further tightening of norms and standards. The simulation
tests confirmed that when using the start/stop system and applying specific additives, the carbon
dioxide emission decreases and the consumption of mixtures with the activated start/stop system is
smaller. The analyzed problems and results of this analysis become more important in light of the
Worldwide Harmonized Light Duty Vehicles Test Procedure (WLTP) standard, which became binding
from September 2018 and applies to the sale of cars that had been approved prior (in accordance with
the New European Driving Cycle standard). Although the NEDC standard appears obsolete the
computer model simulating this type of test will be necessary in many cases. It is, however, needed
and possible to develop a similar simulation procedure for WLTP tests.

Keywords: biofuels; emission standards; vehicle test; exhaust emission; simulation; fuel production
management
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1. Introduction

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

Table 1. Symbols and units used in calculations.

Symbol Description Unit

Zap air demand constant for the fuel mixture [gair/gfuel]
Zap95 air demand constant for petrol 95 A [gair/gfuel]
Zapd air demand constant for the additive [gair/gfuel]

u mass fraction of the additive in the mixture [gbiofuel/gmixture]
Op calorific value for the fuel mixture [kJ/g]

Op95 calorific value for petrol 95 B [kJ/g]
Opd calorific value for the additive [kJ/g]
v(t) momentary speed of the vehicle in the test [m/s] or [km/h]
tk end time of simulation [s]
a vehicle acceleration [m/s2]

Fk moment value of force on wheels [N]
R wheel radius [m]

Pm power transmission ratio for torque C [-]
Pω drivetrain ratios for rotational speed D [-]
Mp momentary torque value on vehicle transmission [N·m]
ωp instantaneous speed value on vehicle transmission [rad/s]
f u hourly fuel consumption function dependent on speed and torque [g/h]
ωe rotational engine speed [rad/s]
Me engine torque [N·m]

.
f uel fuel flux [g/s]

.
air air flux [g/s]

.
Ee energy flux supplied by the fuel [J/s]
η efficiency [-]

Adopted for calculations: A 14.7 [gair/gfuel], B 45 [kJ/g], C 0; 1/13.9; 1/7.30; 1/4.78; 1/3.48; 1/2.98 [-], D 0; 13.926; 7.303;
4.787; 3.481; 2.980 [-].

Economic progress, development of transport, production of new cars, production of more and
more energy, and the combustion of fossil fuels are causing huge changes that are currently occurring
in the environment [1,2]. Activities aimed at protection of air purity and reduction of greenhouse gas
emissions from transport have become the priority in the climate and energy policy of the European
Union bodies [3,4]. The EU’s long-term goal is to achieve such levels of air quality that do not have
an unacceptable influence on human health and the environment [5,6]. Nevertheless, according to
the published report “Air Quality in Europe—2018 report” by the European Environment Agency
(EEA), despite the significant reduction levels achieved, air quality in Europe still leaves much to be
desired [7,8]. One of the main sources of air pollution in the EU is the road transport sector [9,10].

Irrespective of improvements introduced in vehicles and the automotive industry, the road
transport sector still has a negative impact on air quality [11,12]. Automobile fumes are much more
harmful to people than industrial pollutants, since automotive pollution spreads at high concentrations
at low altitudes in the immediate vicinity of people [13,14]. Emissions of substances such as carbon
dioxide, carbon monoxide, nitrogen oxides, aromatic hydrocarbons, and harmful substances in the
form of solid particles originating from the road transport sector are now significantly higher than they
were in 1990 [15–17]. Hence, from time to time, more rigorous limits of exhaust emissions from motor
vehicles are introduced [18,19]. Additionally, an effort is made towards the design and application of
systems and devices for exhaust after-treatment [20,21].

One of the European Parliament’s tools in the fight against excessive emissions of air pollutants are
the Euro norms [22,23]. They define maximum emission values for such substances as hydrocarbons
(HC), nitrogen oxides (NOx), carbon monoxide (CO), and particulate matter (PM) [24,25].

Six Euro standards have been created so far which define emission values to the atmosphere,
expressed in units of g/km [26–28]. At the time of the adoption of the Euro 3 standard, measurements
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were started using the New European Driving Cycle (NEDC) test consisting of a combination
containing parts of urban and extra-urban driving and beginning the moment the engine was
started [29,30]. In the Euro 5 and Euro 6 standards, limits for the evolution of particulate matter
were also added [31,32]. Regulations are regularly being changed to insure that less and less harmful
compounds get into the atmosphere [33,34]. They are, however, being introduced gradually to give
some time to manufacturers and enable them to create new equipment with ever-better technologies
of filtering exhaust gases [35,36]. These activities are the main factor controlling the direction of the
development of automotive vehicles [37,38]. According to the announced European Union standards
in 2021, the average CO2 emission of new cars will not be able to exceed 95 g/km. Currently, the
average standard is 130 g CO2/km. Car manufacturers not meeting this requirement will be charged a
fine of EUR 95 for each gram of exceedance, calculated for each vehicle sold. This obviously strongly
encourages sustainable management of automobile design and production technologies.

Recently, the NEDC test was found to be insufficient for monitoring pollutant emissions from
transport [39,40], and the new Worldwide Harmonized Light Duty Vehicles Test Procedure (WLTP)
test [41,42] is now being introduced.

From September 2018, car manufacturers may sell new cars under the condition that they meet
the new standard of fuel consumption and emissions determined in accordance with the WLTP test
standard (there has been a departure from the NEDC test when certifying vehicles for WLTP and
real driving emissions (RDE)) [42,43]. The new regulations also include models of cars that had been
approved earlier using the NEDC test and have still not been sold (they must be certified according
to the WLTP). Recently, the withdrawal of individual car models and engine versions has occurred
numerous times because they did not meet the new rules.

In spite of these restrictive tests, still on the roads of many EU (and in fact not only EU) countries
are cars that are about 10 years old and do not meet either the WLTP or the NEDC [44,45] standards.

Determination of the actual emission of pollutants from vehicles was introduced as a result
of efforts to reduce the discrepancy between the results of laboratory tests and the results of road
tests [46–49]. Devices for emission measurement in real conditions are already widely available [50,51].
Such measurements have become a legal requirement that is valid throughout the EU [52]. The need for
further research on the precise determination of the relationship between real emissions from vehicles
in road conditions and emissions determined in laboratory conditions is, however, obvious [53–55].

Due to the increasingly stringent emission standards that are applied in Europe, modern cars are
equipped with a start/stop system [56,57]. This affects the limitation of the exhaust gas output from
the vehicle and also reduces fuel consumption values [58,59]. The concept of operation is simple [60].
When the vehicle is stopped either in a traffic jam or for another reason, the engine is automatically
turned off. When the clutch is pressed in a car equipped with a manual transmission or a brake is
released in vehicles with automatic transmission, the engine is restarted. The use of such a system
has required modifications of some vehicle components [61]. Consequently, testing of new variants of
modernized cars is and will be needed. The synchronization of results obtained earlier in conditions
required by NEDC tests with the new ones is also of interest. The use of computer simulations may
significantly help in the designing of new cars as well as in introducing improvements to the old ones
(those for which results of only NEDC tests exist).

In connection with the above, the construction and use of computer simulation models for
determining and comparing the values of emitted exhaust components (also in the context of running
tests) is not without significance [62,63].

The use of computer simulation as a support in conducted research and development works is
being increasingly recognized [64–66]. This has been confirmed by the growing number of scientific
articles in which simulations serve as a method for verifying research hypotheses [67,68]. Analyzing
the term “computer simulation” more comprehensively, the term means the algorithmic method of
conducting (using a computer) experiments on dynamic models of existing or designed systems in
order to obtain knowledge about the behavior of the system under study [69]. The model is therefore a
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tool which can describe the system and its behavior under various external conditions [70]. In other
words, a tool that uses computer simulation to achieve a research goal is a computer program that is a
formal representation of the model of the system under investigation [71].

Production and the use of fuels from renewable sources reduces pollution emissions and decreases
the dependence of a given country on energy imports from other countries [72–75]. The use for
powering car engines of fuel mixtures with various compositions [72], as well as fuels mixed with
organic substances (R33 BlueDiesel) [76], also plays a similar role. Thanks to research on the production
of low-emission fuels, many studies have been published concerning biofuels, among other types of
fuel [77–79]. This issue concerns both methanol, ethanol, and dimethyl ether (DME) [80,81]. Methanol
is much cheaper to produce than hydrocarbons and is a better option to reduce the carbon footprint.
In addition, it is characterized by better efficiency of fuel processing due to higher steam heating and
much better impact resistance [82,83]. Ethanol, in turn, is considered an alternative fuel of limited
application, because the calorific value of pure ethyl alcohol is only 60% of the calorific value of gasoline.
It should be taken into account, however, that due to substantial differences in chemical composition
between hydrocarbons and alcohols, the combustion of equal volumes of stoichiometric mixtures with
the air might give similar amounts of energy, provided that the carburetor is modified for each type
of fuel.

Combinations of the aforementioned biofuels with petrol are often used because their small
addition does not require any engine modification [84,85]. The use of DME as a fuel is also becoming
more and more popular due to its economic and ecological benefits as well as favorable physical and
chemical properties. A very important aspect regarding methyl esters is the possibility of producing
them from biomass [20].

The aim of this work is to investigate the effects of the introduction of biofuels (neat or in a mixture
with petrol) on the performance of a standard spark ignition engine. The method of investigation is the
application of a computer modeling procedure. Results of computer modelling, when verified with
experimental studies, enable performing similar studies for other engines as well as permitting the
performance of preliminary analyses prior to designing new engines or modifying old ones. They also
enable predictions of the engine and automobile performance when a new fuel is being introduced.

Computer simulations are faster and less expensive than empirical tests and may enable
introductory analyses for the cases of technical or technological modifications or just technology transfer.

Good simulation procedures may also serve as a tool for various aspects of technology management
in both fuel production technologies as well as technical aspects of engine construction.

Computer simulation of the NEDC or WLTP tests will enable automobile constructors and
producers to perform virtual tests of the car while under development or under modification.

Such simulation provides the chance to avoid preliminary investigations of real prototypes,
therefore saving time and cost regarding construction works. The present work is aimed towards the
investigation of the possibility of simulating results of road tests based on the operational characteristics
of the engine. As far as the authors’ knowledge is concerned such an approach has not been represented
so far in the literature.

2. Materials and Methods

The simulation conducted was developed for a city vehicle. It is a small-sized car of low weight
which, when combined with the 1.1 Fire engine, guarantees low fuel consumption while providing
satisfactory performance [86]. The 1.18v Fire series engine achieves a maximum power of 54 HP
at 5500 rpm. The maximum torque is 86 N·m at 3800 rpm. The stroke and internal diameter are
72 × 70 mm. The timing gear driven by a belt with one shaft is placed in a head made of aluminum.
There are also two valves on each of the four cylinders. The tappets are driven directly. The engine
block is made of cast iron and the oil sump is made of steel. The lubrication system with forced
circulation uses a gear pump and a full-flow filter. The advantages of this engine include low emissions,
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low fuel consumption, and economical use. Combustion in the mixed cycle is about 5.8 L/100 km,
being in the city (7.2 L/100 km) and in the extra-urban cycle (4.8 L/100 km).

The analyzed engine was chosen due to the fact that it is one of the most popular engines with
low capacity. The torque curve guarantees driving in the city without compromising wear resistance
and good performance, thanks to which this engine ranks at the forefront of its category. Models with
this engine can be found to be offered by many popular manufacturers.

For the simulation of the selected spark-ignition engine operating in accordance with the NEDC
test procedure, the following fuels were used: petrol 95, ethanol, methanol, and DME. The basic
parameters of these are presented in Table 2. The demand for fuel in g/kWh as a function of the
torque dependent upon the angular velocity for the analyzed engine was taken from the results of
experimental research published in the literature [87].

Table 2. Basic properties of fuels used [88,89]. Legend: DME, dimethyl ether.

Parameter Petrol 95 Ethanol Methanol DME

Carbon content [%] 86.4 52.1 37.4 52.1
Hydrogen content [%] 13.6 13.1 12.5 13.1

Oxygen content [%] 0.0 34.7 49.9 34.7
Calorific value [MJ/kg] 45.0 30.4 20.1 28.8
Air demand [gair/gfuel] 14.7 9.06 6.5 9.06

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)·Zap95 + u·Zap d
[
gair/gfuel

]
(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)·Op95 + u·Opd [kJ/g] (2)

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

The NEDC test was introduced to determine the potential environmental pollution by vehicles.
Measurements are carried out in a laboratory on a chassis dynamometer, which is designed to recreate
actual conditions on roads [90]. The procedure consists of two basic elements: UDC, i.e., urban driving, and
EUDC, which reflects driving on a motorway. The completion of a full test allows for the determination of
the emissivity of exhaust gases and fuel consumption. Despite the fact that another test has already
been introduced—WLTP—many tests are still being carried out according to the NEDC test [91–94].

The simulation for the vehicle with a spark-ignition engine was carried out in a Scilab simulation
environment. Using the Xcos tool and components thereof, special blocks were created to calculate the
searched values [95,96]:

• “Test generator”—this block was responsible for generating signals with precisely determined
waveforms that were needed to control the simulation at the time specified for the NEDC test.
In this block, the values of vehicle speed [m/s] at the given moment and the distance traveled by
the vehicle were calculated using the integral element. Calculations of vehicle accelerations were
carried out using a differentiating element.

d =

∫ tk

0
v(t) dt [m] (3)
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a(t) =
dv(t)

dt

[m
s2

]
(4)

Based on the parameters which were specified for running tests and which were adequate for the
selected vehicle (conversion weight 740 kg), the values of the load resulting from the movement
of the vehicle were calculated. In addition to the load associated with the movement resistance of
the vehicle, the simulation also calculated the load resulting from the mobility of the driving test.
The calculated load values were added up and transferred to subsequent modules. The block
also calculated the amount of energy flowing between the vehicle braking rollers. Next, the total
energy value transferred to the brake rollers as well as taken from the roller device was calculated.
The values calculated during the simulation corresponded adequately to the power and energy
transferred by the engine to the load and the power and energy needed to brake the vehicle on the
roller stand in the brake system.

• “Drive system”—the elements used in this block took into account at the same time the design
diameter of the drive wheels, the actual range of the gear ratios, and the main transmission,
allowing the simulation of how the propulsion system in the real vehicle will react. As a result of
the calculations, this module transmitted individual signals: speed [m/s]—the speed at which
the vehicle moves, “Gear speed [rad/s]”—speed [rad/s] of input shaft for the gearbox, and “gear
torque [N·m]”—torque on the input shaft of the gearbox.

Mp = Fk·R·Pm [N·m] (5)

ωp =
v(t)

R
·Pω

[
rad
s

]
(6)

• “Engine”—this module controlled the intervals, in which the torque and speed are changed. This is
important because their values cannot be greater than the specified limits of the tested engine model.
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 was determined according to the following formulae:

Me =

∣∣∣∣∣∣ Mp; Mp > 83.7 rad/s
0 rad

s ; Mp ≤ 0 rad/s

∣∣∣∣∣∣ [N·m] (7)

ωe =

∣∣∣∣∣∣ ωp;ωp > 83.7 rad/s
83.7 rad

s ; ωp ≤ 83.7 rad/s

∣∣∣∣∣∣
[

rad
s

]
(8)

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

• “Calculations for petrol 95”—based on the adopted characteristics of hourly fuel consumption,
this block calculated the instantaneous value of air and fuel enabling engine operation.

.
fuel = f u(ωe, Me)/3600

[ g
s

]
(9)

air =
.

fuel·Zap
[ g

s

]
(10)

Taking into account the calorific value of ethyline 95, the energy flow
.

Ee [J/s] was calculated. In the
next stage, the simulation module calculated the temporary values of the motor efficiency η [-].

η =
Me·ωe

.
Ee

[−] (11)
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The developed simulation included the possibility of running the engine with the start/stop
system. In this case, when the start stop system is not turned on, the engine runs throughout the
simulation and its demand for fuel and air is calculated as shown above. However, when the
start/stop mode is on, the fuel (fuels) and air (airs) streams are calculated from dependencies that
enable mathematical consideration of the case of engine shutdown when the vehicle has stopped
during the travel test procedure.

.
fuels =

∣∣∣∣∣∣
.

fuel; v(t) > 0 m/s
0; v(t) = 0 m/s

∣∣∣∣∣∣ [ g
s

]
(12)

airs =

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

∣∣∣∣∣∣ [ g
s

]
. (13)

The simulation component, based on the calculated instantaneous values, performs calculations
of cumulative values for the fuel and air consumed over the whole test, using integral elements.

• “Calculations for fuels”—in this segment, the instantaneous consumption of fuel mixtures was
calculated based on the calorific values determined in the simulation. The use of air was
determined on the basis of the air demand measured in the simulation. Using the calculated
proportions of oxygen, carbon, and hydrogen in the fuel mixture, the emission of water vapor and
carbon dioxide was calculated. The next step was to determine cumulative values.

.
fuel =

.
Ee
Op

[ g
s

]
(14)

air =
.

fuel·Zap
[ g

s

]
(15)

A general outline of the prepared simulation has been presented in the Figure 1. The simulation
concerns the operation of the vehicle in accordance with the NEDC test conditions and the use of
selected fuels.
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The block diagram of the conducted simulation for vehicle movement in the road test is shown in
Figure 2.
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Legend: WLTP, Worldwide Harmonized Light Duty Vehicles Test Procedure; NEDC, New European
Driving Cycle.

3. Results and Discussion

The simulated vehicle motion simulation in the NEDC driving test was used to conduct a
simulation experiment using different conditions of the start/stop system and when changing the
fuel additives and their share in the fuel mixture. Presented below are the results of the simulation
work in the form of time-weighted traces and a comparison of fuel consumption parameters, air
consumption, and carbon dioxide and water vapor emissions, taking into account the variability of the
input parameters of the simulation.

3.1. Test Generator

Figure 3 shows the simulation results for the “Test generator” block, which was responsible for
producing momentary signals adequate for the NEDC test. The first diagram shows the momentary
speed of the vehicle v [kph], the cumulative value of the distance travelled by the vehicle d [km], the
force acting on the vehicle’s wheels F [N] calculated on the basis of the momentary vehicle speed, the
number of the indicated gear in the gearbox p [-], the course of momentary powers absorbed by the
dynamometer during loading of the motor Ph1 [kW], the power of the braking system Ph2 [kW], and
the value of energy absorbed Qh1 [MJ] and given off by the simulated chassis dynamometer Qh2 [MJ].
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Figure 3. Results of the “Test generator” simulation block responsible for generating NEDC driving
test signals.

3.2. Calculations for Petrol 95 for the Case of the Disabled Start/Stop System

Figure 4 presents the results of the module “Calculations for petrol 95”, as part of the developed
simulation for the case of the disabled start/stop system in the form of the momentary waveforms,
including motor operation signal (value 1 on, value 0 off), motor angular speed in [rad/s], torque on
the Me engine [N*m], and calculated momentary engine efficiency n [-]. The second graph shows the
momentary values of the mechanical power produced by the Ne engine [kW], the energy flow from the
fuel combustion Nch [kW], and the course of energy supplied to the engine from the fuel combustion
Qch [MJ].
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The analysis of the momentary angular velocity of the engine shows that in cases of vehicle
stopping during the simulated driving test, this speed was maintained at 83.7 rad/s (800 rpm), which
corresponds to the idle gear speed for the applied engine. On the other hand, the course of the
momentary torque value on the engine indicates zero during stoppage and this is consistent with
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the actual operating conditions of the engine of the vehicle which, does not transmit the drive to
further systems.

For the periods when the vehicle is stationary, the tested value of the mechanical power generated
by the engine dropped to zero, while the flow of energy supplied to the engine from the fuel combustion
was always greater than zero. The consequence of this was that when the vehicle stopped, the engine
was running at all times and energy was generated to keep the engine running and to supply energy to
other devices built into the vehicle.

The signal visible in Figure 4 is at level 1, which means that the motor simulation module was
in operating mode and had a minimum speed of 800 rpm (idling speed). Although the vehicle was
standing, the engine was running, i.e., it used fuel and air to maintain the rotational speed (low engine
power) and generate a flue gas stream.

The line on graph 9 at level 1 is the equivalent of the simulation technical signal. In the case of
simulations taking into account losses/stopping, the value of this signal resulted from checking the
condition of whether the car was moving. In the case of driving, the value of 1 forced the engine
modules to work on further simulation modules. In the event of a stoppage, the value 0 of this signal
caused turning off calculations simulating the work of the engine (the engine has zero speed, no air
stream, no exhaust stream).

3.3. Calculations for Petrol 95 for the Example of the Activated Start/Stop System

Figure 5 shows the results of the module “Calculations for petrol 95” as part of the developed
simulation for the example of the activated start/stop system. In contrast to the previous example
of operation without a start/stop system, the values of the momentary angular velocity of the motor
for periods of stopping the vehicle during the simulated driving test fell to zero, which was related
to switching the engine off. In this case, it can be clearly seen that for the tested periods of vehicle
stoppage, the value of the mechanical power generated by the engine dropped to zero and that the
flow of energy supplied to the engine from fuel combustion in analogous parts of the simulation also
dropped to zero. The consequence of this was that when the vehicle stopped, the engine did not run
and the fuel combustion process was stopped.
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engine driven by the used fuel mixtures; NEDC test, start/stop system enabled.

The simulation of the driving test, compliant with the NEDC test parameters for the selected
vehicle, enabled the introduction of modifications of the operating conditions, including start/stop
system enabled/disabled, use of various fuels (petrol 95, ethanol, methanol, and DME), and the
composition of mixtures of two fuels.
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3.4. Comparison of Fuel Consumption Changes

Figure 6 presents a comparison of the fuel consumption changes [kg] for the conducted simulations
of the NEDC test in the function of the additive content [%] in the used fuel mixture, applying three
different additives (ethanol, methanol, and DME).
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Figure 6. A comparison of the results of the NEDC test simulations under different conditions for fuel
consumption for one NEDC cycle [kg] (index “st.”—for the enabled start/stop system).

The applied fuel mixtures with minimum shares of additives are characterized by the lowest
consumption values. If the proportion of an additive in the mixture increased, the consumption also
increased. This increase was due to lower heating values of the additives. In the case of methanol there
was a clear and large increase in the mass of the mixture used in the test due to it having the lowest
calorific value among all the analyzed fuels. The figure shows two groups of consumption patterns
for fuel mixtures: one for the enabled (Ethanol st., Methanol st., DME st.) and one for the disabled
(Ethanol, Methanol, DME) start/stop system. The values obtained confirm a significant reduction in
the consumption of the mixture of fuels for the same composition.

Figure 7 presents changes in the carbon dioxide emissions [kg] for the fuel mixture used.
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Figure 7. A comparison of the results of the NEDC test simulations under different conditions for
carbon dioxide emissions [kg] (index “st.”—for the enabled start/stop system).
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The fuel mixtures used with minimum shares of additives are characterized by the highest values
of carbon dioxide emissions. As the proportion of an additive in the mixture increased, the emission
decreased slightly because the additives used in their content contained a smaller amount of carbon.

The CO2 emission limit for new passenger cars in the category examined (M1) is currently 130 g
CO2/km. This level will be reduced to 95 g CO2/km from 2020.

Compared to the currently applicable standard, all calculated emissions exceeded the permissible
threshold by as much as 14% (the limit in the Euro standard is for CO2 emissions of 130 g/km) (Table 3).

Table 3. Calculated values of carbon dioxide emissions [kg] in NEDC testing.

Additive [%] 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Ethanol [kg] 1.6378 1.6256 1.6125 1.5985 1.5835 1.5673 1.5498 1.5308 1.5102 1.4877 1.4630
Methanol [kg] 1.6378 1.6356 1.6330 1.6302 1.6269 1.6232 1.6189 1.6137 1.6076 1.6000 1.5907

DME [kg] 1.6378 1.6360 1.6249 1.6176 1.6098 1.6012 1.5920 1.5818 1.5705 1.5581 1.5443
Ethanol st. [kg] 1.4490 1.4382 1.4267 1.4143 1.4010 1.3867 1.3712 1.3544 1.3362 1.3162 1.2944

Methanol st. [kg] 1.4490 1.4470 1.4448 1.4423 1.4394 1.4361 1.4323 1.4277 1.4223 1.4156 1.4073
DME st. [kg] 1.4490 1.4435 1.4376 1.4312 1.4243 1.4167 1.4085 1.3995 1.3895 1.3785 1.3663

4. Conclusions

The production of biofuels and biocomponents is constantly developing. Biofuels and biocomponents
are perceived as emission reducers and as fuels to ensure energy security as they are practically
inexhaustible. As a result of the tightening of emission standards, it is necessary to modify vehicles
and use fuels that produce lower amounts of toxic substances.

The Scilab package used in the work, which graphically presents mathematical algorithms, enabled
the development of simulation models for the NEDC test. Based on the analysis of the simulation
results, the following conclusions can be postulated:

1. The use of biofuel additives in the air-fuel mixture, due to the molecular structure of these biofuel
additives, reduces carbon dioxide emissions and decreases air demand.

2. In the test, all carbon dioxide emissions exceeded the permissible level of 130 g CO2/km, which is
bad news in the context of the further tightening of standards.

3. In the case of water vapor emissions, a larger share of hydrogen and oxygen in the components
used causes the emission to increase.

4. The demand for fuel increases with the increase of the share of biofuel additives. This is due to
the lower calorific value of the components.

5. The simulation tests confirmed that in the case of using the start/stop system and applying specific
additives, the carbon dioxide emission decreases and the consumption of mixtures with the
enabled start/stop system is lower.

The developed simulation model based on the instantaneous value of the vehicle speed in
time resulting from the NEDC test calculated the momentary resistance of the vehicle (aerodynamic
resistance, rolling resistance) based on the mathematical dependences included in the NEDC standard.
On the basis of wheel parameters, the gear ratio of the main gear, and the current required gear number
at a given moment (NEDC gears), it was able to calculate the instantaneous value of the engine speed
and the torque that the engine must generate. Then, using the universal fuel consumption characteristic
for this type of engine (obtained from the literature), the simulation calculated the instantaneous fuel
flow. The air stream necessary for the combustion process was calculated using the principle for the
gasoline engine to work properly with the stoichiometric composition. Such a simulation solution is a
very close process to the real operating conditions of such an engine.

The choice of optimal fuel, i.e., assuring the best performance of engine, and simultaneously
connecting it with as clean as possible emissions to the atmosphere, is a real contribution to
sustainable transportation.
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It can be also concluded that computer simulations provide useful and good quality technical
information faster and in less expensive ways than empirical tests. This enables the application of such
simulations to performing analyses of various situations requiring human decisions. The application
of computer simulations to decisive processes contributes to the development of tools for technology
management, especially that directed towards the development of sustainable economies.

Introduction of the new World Harmonized Light Vehicle) standard stimulates the development
of the corresponding algorithm for simulation of these kind of tests. This task requires, however, some
work, which will be undertaken in future works.
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