The Archives of Automotive Engineering - Archiwum Motoryzaciji Vol. 86, No. 4, 2019 14

WAYS OF REDUCING CARBON DIOXIDE
FROM ROAD TRANSPORT

FRANTISEK SYNAK', JAN GANAZ2, VLADIMIR RIEVAI3, LENKA MOKRICKOVA*

Abstract

Climate change and the associated global warming affect all of us. These changes cause melting
of the glaciers and consequently the increase in sea and ocean levels. This phenomenon threatens
the existence of some of the island states. The warming causing all this was brought on by the
economic activity of humans, with the greatest responsibility being attributed to the ever-increasing
production of greenhouse gases. Transport generates large portion of these gases. When means of
transport are in motion, they are affected by certain driving resistances which try to keep vehicle
from moving. In order to overcome them, it is necessary to produce certain useful work equivalent
to the measurement of driving resistances. An internal combustion motor is the most frequent
source of such energy. It generates energy by oxygenating hydrocarbon fuels, and in addition to the
useful work, it produces also unfavourable emission. The amount of such emissions equals to the
amount of burnt fuel. Thus, levels of emissions can drop by reducing fuel consumption. The most
commonly mentioned gas is CO,. Reduction of CO, production is essential to affect the high level
of CO,. The article focuses on the possibilities of reducing CO, from road transport. The possibilities
of reducing CO, from road transport are quantified in the form of mathematical model calculations.

Keywords: carbon dioxide; driving resistance; emissions; global warming

1. Introduction

Regular measurements have shown that the temperature of our atmosphere is increasing.
Figure 1 shows the temperature index for land and oceans from 1880 to 2017.
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Fig. 1. Global land ocean temperature index [16]

While the temperature is changing, the trend line indicates an apparentincrease. Compared
to 1880, there was an increase in the maximum value for the measurement period [15, 29].
In Figure 1is line chart of the global earth - ocean average temperature index, from 1880 to
the present, to the base period 1951-1980. The black line is the annual average, and the red
line is the five-year moving average. If the trend is maintained and we have no reason to
think differently, we can assume that the average temperatures will not drop in the future
[1, 11, 14]. Many scientists consider increased greenhouse gas production to be the cause
of this adverse development. Others argue that this is an incorrect assumption and the
cause must be looked for elsewhere. We do not want to be the judges, but for the sake of
clarity, we attach the evolution of CO, levels over the history of the Earth. Figure 2 shows
the atmospheric CO, concentration over the last 650,000 years according to past ice core
information and instrumental measurements in recent years.
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years to 1950

Fig. 2. Concentration of €O, on Earth [2]

The similarity of the charts is surprisingly accurate. Evidence that the content of CO, in the
atmosphere is continually increasing is also provided in Figure 3. It shows the increase in
CO, in the air in Hawaii, where the greenhouse gas content is not distorted by intensive
industrial activity [13, 19, 22].
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Fig. 3.CO, in Hawaii [2]

All three pictures correspond to each other and show the increase in free CO, in the air as
time goes on. Reducing greenhouse gas production is certainly not a mistake. However,
not all countries in the world approach this issue responsibly, Figure 4.
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Fig. 4. Greenhouse gas emissions in tones per capita [2]

Table 4 shows which countries produce more greenhouse gases per capita than the
world average. Without their responsible approach to the issue, improvement is impos-
sible. Where should we focus our efforts and which human activity produces the most
greenhouse gases? The answer will be given in Table 1. According to this table, transport is
not the biggest greenhouse gas producer, but if we do not want the gloomy forecasts of
climatologists to be fulfilled, we must try to reduce the production in road transport as well
[7,8,21].

Tab. 1. Greenhouse gas emissions by economic activity, 2015 [5, 23]
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Tab. 2. CO, emissions per litre of fuel at combustion (g/1) [18, 26, 29]

Type of fuel C0, emissions
Petrol 2500
LPG 1600

Diesel 2.700
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Road transport is dependent on the process of burning hydrocarbon fuels, which we con-
sider to be a non-renewable energy source [9, 10]. Table 2 shows the amount of CO, pro-
duced by burning 1 litre of fuel. The best solution would be to take measures that reduce
greenhouse gas emissions at the lowest cost incurred and so that they do not affect the
productivity of the world economy. Thus, the simplest way of reducing CO, production
would be to replace diesel and petrol with LPG [23]. It would be an effective solution, but
it should be remembered that LPG is only a supplementary product and would not be able
to cover the required fuel consumption. Another solution is to reduce vehicle consumption
and thus reduce unwanted emissions. What options do we have? In addition to technical
progress and legislation, it is also minimizing driving resistance [20].

2.Airresistace
The air resistance can be determined using the following equation:

0,=005%c, *xS*V? (1)
¢, - is afactor taking into account the shape of the body around which the air flows.
It varies depending on the vehicle type. For modern passenger cars, its value is
around 0.3, and the value for trucks and buses is around 0.7. The design of the
vehicle determines it, but the operator can influence it using various accessories
and additions (ski carrier, deflector, edge curvature, overlapping gaps between the
vehicle and the load), distribution and coverage of the load and the like.
S - s the size of the frontal area of the vehicle [m?]. The design of the vehicle also
determines this parameter, but the operator can influence it using various acces-
sories and additions (ski carrier, etc.), load distribution and the like.

V - isthe vehicle's running speed, expressed in km/h.

Tables 3, 4 and 5 show the effect of changing individual parameters on air resistance, the
power required to overcome it, and fuel consumption calculated in litres/100 km [24, 26].
They also provide information on the amount of CO, produced using the data in Table 2.
We will calculate fuel consumption using the following equation [3, 27]:

Mpe*Pop*t

Q= = (2

Q - isthe fuel consumption to overcome air resistance [I/100 km].

my, is the specific fuel consumption [g/kWh]. We assume that the vehicle engine
will operate in an optimal mode. For petrol, we consider a specific fuel weight of
745 g/dm?® and specific fuel consumption of my,, = 240 g/kWh. For trucks, we con-
sider diesel with a specific weight of 845 g/dm? and specific fuel consumption of
m. =190 g/kWh.

Pq, - isthe powerrequired to overcome air resistance [kW]. P, = O,*V/3.6.

p - isthe specific weight of the fuel [g/dm?]

Ny - is the efficiency of the transmission system. For passenger cars, we will consider

the transmission system efficiency n,= 93% and for trucks n, = 90%.
t - isthetime it takes to cover a distance of 100 km [h].
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Tab. 3. Effect of change in air drag coefficient on fuel consumption

Passenger vehicle, petrol | Passenger vehicle, diesel Truck
¢y [-] 0.30 0.35 0.40 0.30 0.35 0.40 0.6 0.7 0.8
S [m?] 2.1 2.1 9.18
V [km/h] 90 30 90
O, [N] 255.2 297.7 340.2 | 255.2 2977 3402 | 2230.7 26025 2974.3

Py [kW] 6.38 744 8.51 6.38 744 8.51 5577 65.06 74.36
Q[l/lookm] | 246 2.86 3.27 1.71 2.00 2.29 15.48 18.06 20.64
CO, [kg] 6.14 7.16 8.18 4.63 5.40 6.17 4180 4877 5573

This table provides information that even a small change in body shape can cause a signif-
icant change in fuel consumption, and thus, the number of greenhouse gases produced.
Driving with the window open affects the resistance coefficient. The open side windows of
a passenger car represent an increase in air resistance of 5% [6]. The installation of various
attachments, such as the pressure wing, the roof rack, the national flags during hockey
matches, the load on the vehicle, etc. also have a significant impact. Besides, these also
change the size of the vehicle's frontal area.

Tab. 4. Effect of frontal area size change on fuel consumption

Passenger vehicle, petrol | Passenger vehicle, diesel Truck

S [m?] 2.0 2.1 2.2 2.0 2.1 2.2 8.92 9.18 9.54

cy [-] 0.30 0.30 0.6

V [km/h] 90 30 90

O, [N] 243.0 2552 2673 243.0 2552 2673 | 21676 2230.7 2318.2
Py [kW] 6.08 6.38 6.68 6.08 6.38 6.68 54.2 55.77 57.96
Q[I/100 km] 2.34 2.46 2.57 1.63 1.71 1.80 15.04 15.48 16.09

CO, [kg] 5.85 6.14 6.43 4.41 4.63 4.85 40.62 41.80 4344

This table also showed a significant impact of the vehicle's frontal area on fuel consump-
tion and greenhouse gases produced. Tables 3 and 4 also provide a comparison of diesel
and petrol engines in terms of fuel consumption and CO, emissions. The difference is due
to the efficiency of the engines. Combustion in a diesel engine takes place at higher pres-
sures than petrol, which provides higher efficiency of the diesel engine's thermal circuit.
The higher specific weight of diesel compared to petrol also contributed to higher con-

sumption of petrol engines. In Table 5, we only compare the impact of speed on the con-
sumption of cars and trucks [27].
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Tab. 5. Effect of driving speed change on air resistance and fuel consumption

Passenger vehicles petrol

V [km/h] 50 70 90 100 10 120 130 140 150

S [m?] 2.1

cy [-] 0.30

O, [N] 78.8 1544 2552  315.0 3812 453.6 5324 6174 708.8

Poy [kW] 1.09 3.00 6.38 8.75 11.65 15.12 19.22 24.01 29.53

Q [1/100 km] 0.76 1.49 246 3.03 3.67 4.37 5.12 594 6.82

CO, [kg] 1.89 3.71 6.14 7.58 9.17 10.91 12.81 14.85 17.05
Truck Diesel

V [km/h] 40 50 60 70 80 85 390 95 100

S [m?] 9.18

cy [-] 0.6

0, [N] 4406 6885 9914 13495 17626 1989.8 2230.7 28455 2754.0

Py [kW] 4.90 9.56 16.52 26.24 39.17 46.98 55.77 65.59 76.50

Q [I/100 km] 3.06 478 6.88 9.37 12.23 13.81 15.48 17.25 19.11

CO, [kg] 8.26 12.90 18,58 2529 33.03 3728 41.80 46.57 51.60

The air resistance increases with the square of the speed, and the speed also appears
when calculating the necessary engine power to overcome it. It is clear from the tables
that by reducing the speed of passenger cars on the motorway from 130 km/h to 110 km/h,
it is possible to save 1.45 litres of fuel per 100 km of driving and if the deceleration is only
120 km/h 0.75 litres per 100 km. It is a reduction in CO, production to 71.6% at a deceleration
to 100 km/h or 85.2% at a deceleration to 120 km/h from the original value. For trucks, a de-
celeration from 90 km/h to 85 km/h means a reduction in diesel consumption of 1.67 litres
of diesel per 100 km driving, and this would mean a reduction in CO, production to 89.2%
from the original value. Of course, the time needed to cover the same distance will be ex-
tended, but it is not important. At a speed of 90 km/h in 4.5 hours, the vehicle will travel
a distance of 405 km, at areduced speed, 382.5 km, but it will produce 4.52 kg of CO, less
for every 100 km of driving. A vehicle will need 16 minutes more to travel the same 405 km,
but it will not produce 18.31 kg of CO,.

3.Inertiaresistance

Each moving body, and thus the vehicle, has certain movement energy. This energy in-
creases in proportion to weight and squared speed. For acceleration, the vehicle engine
provides energy. When the vehicle slows down, the vehicle's energy of movement in the
brakes turns into heat. From this point of view, it is obvious that it would be most advanta-
geous not to change the vehicle speed. When starting the vehicle, the vehicle engine must
overcome not only the driving resistances but also the losses in the transmission system.
To determine the energy intensity and hence the fuel consumption, we made a calculation
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that summarized the work to overcome the rolling resistance, air resistance and
resistance. We calculated the consumption using the following equation:

Jresistance*S
Qlltre P*p*m*Ha ( )

- is the respective driving resistance [N],
is the path over which the given resistance (force) was applied [m],
is the specific weight of the fuel [g/dm?],

is the efficiency of the transmission system. For passenger cars, we will consider
the transmission system efficiency Np = 93% and for trucks Np = 90%.

is the efficiency of the engine. We determined this based on mpe - specific fuel

kWh
moaetiy * 100[%]

is the specific fuel consumption [g/kWh]. We assume that the vehicle engine
will operate in an optimal mode. For petrol, we consider a specific fuel weight of
745 g/ dm?® and specific fuel consumption of m . = 240 g/kWh. For trucks, we con-
sider diesel with a specific weight of 845 g/dm® and specific fuel consumption
of m,. =190 g/kWh.

is the calorific value of the fuel. For diesel, it is 41840 kl/kg and for petrol
42080 kJ/kg.

consumption using the following equation: Mm =

Calculations are given in Table 6.

Tab. 6. Fuel consumption (litres) for starting the vehicle from zero speed and CO, produced (kg)

Weight 30km/h  50km/h  70km/h  90km/h  110km/h  130km/h
litres 0.141 0.406 0.851 1592
40 2 kg o, 0.381 1.096 2.298 4.298
tonnes @ time (sec) n3 253 477 85.6
distance (m) 574 2147 593.1 1453.9
litres 0.076 0.214 0436 0763
16 2 kgCo, 0.205 0.578 1177 2.060
tonnes 3 time (sec) 76 14.2 23.8 37.0
distance (m) 339 109.6 2707 569.8
litres 0.056 0156 0.316 0.542
3 2 kg o, 0.151 0.421 0.853 1463
tonnes @ time (sec) 6.4 108 16.7 237
distance (m) 29.1 77.6 176.9 336.7
litres 0.015 0.043 0.085 0.146 0.226 0.333
3 3 kgCo, 0.038 0.108 0.213 0.365 0.565 0.833
tonnes S time (sec) 34 76 133 206 275 375
distance (m)  14.2 59.5 153.2 318.9 513.5 848.6
litres 0.010 0.028 0.055 0.094 0143 0.209
15 B kgCo, 0.025 0.070 0.138 0.235 0.036 0.523
tonnes 3 time (sec) 24 5.2 87 131 16.5 220

distance (m) 9.4 38.8 96.5 196.7 2937 479.0
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To make the results comparable, in the calculations, we used the same engines, and we
only changed the weight of the vehicle. We also considered a constant specific fuel con-
sumption, although this will vary with engine load. It can be seen from the calculations
shown in the table that the weight of the vehicle has an essential influence on the con-
sumption of the vehicle during starting. If we compare the situation in the city, when two
passenger cars, one 3,000 kg (SUV) and the other 1,500 kg (conventional mid-size), stop at
acrossroad, the heavier car produces at a speed of 50 km/h 137.8 grams CO, more than the
lighter vehicle. If we do not allow heavy vehicles to drive in the city, we can immediately
reduce the carbon footprint of road transport. The easily discernible weight of the wheel
rims also affects the fuel consumption of the vehicle. When starting, the vehicle's engine
must not only accelerate the weight of the vehicle in a linearly accelerated motion but also
change the angular speed of the rotating wheels. Their weight is also important. Replacing
12 steel discs with forged aluminium saves 13.3 tonnes of CO, emissions over the life of the
wheels (1.5 million km) [8].

4.Climb resistance

If the vehicle overcomes the climb, its weight can be divided into two components. One is
perpendicular to the ground plane, the vehicle presses against the ground, and the otheris
parallel to the ground plane and counteracts the movement of the vehicle. To overcome it,
the vehicle engine must provide some power. The magnitude of the climb resistance can
be determined using the following equation:

Os = m * g * sina “
Os - is the climb resistances [N],
m - is the weight of the vehicle [kg],
g -isthe gravitational acceleration [9.81 m/s?],
o -isthe slope of the travel plane [°].

For the calculation of consumption, we will use the formulas and parameters described
above. The results are summarized in Table 7.

Tab. 7. Fuel consumption (litres) to overcome a 5 km climb

Incline (%) 2 4 6 8 10 12
1.5t 0.10 0.20 0.30 0.39 0.49 0.59
3t 0.20 0.40 0.59 0.79 0.98 1.18

Consumption (1) at

) . 8t 0.54 1.09 1.63 2.17 271 3.24
vehicle weight

161t 1.09 2.18 3.26 4.34 542 6.49
40t 2.72 5.44 8.16 10.86 13.55 16.22
1.5t 0.267 0.533 0.799 1.064 1.328 1.590
3t 0.534 1.067 1.598 2.128 2.655 3.180
CO, produced (kg) 8t 1.470 2.939 4.404 5.864 7.317 8.761
161t 2.941 5.878 8.808 11.728 14634 17.523
40t 7.352 14695 22.021 29320 36.585 43.807
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During a 5 km climb with 10% incline, the vehicle climbed 497.5 meters. Such an elevation
represents almost every mountain passage. The 40-tonnes weighing kit consumes 13.55
litres to get the vehicle to higher potential energy. Every climb means an increase in fuel
consumption, even when driving straight ahead, the potential energy returns in lower driv-
ing resistance. At higher inclines, however, we lose energy in the brakes because there
are many bends with a small radius on the roads. Besides, there is an additional force that
prevents the movement of the vehicle, namely the force distribution component on the
steering axle.

5.Curving

To determine the force that is generated as a result of steering wheels turning so that
the vehicle goes through a bend with the desired radius, we assume that the wheels are
perfectly rigid, and the vehicle is moving according to the steering angle. In practice, this
condition does not apply, and the wheels have a specific directional stiffness. By acting
on the axle, the centrifugal force of the wheels must produce an equally significant but
inversely directed reaction. By turning them into the bend, this reaction breaks down into
a component acting in the centre of the bend and a component that acts against the
direction of movement of the vehicle. It is the driving resistance that the engine of the
vehicle must overcome. Let's call it Fg;,. qown- TN€ Magnitude of this force and the impact
on vehicle consumption and CO, production is shown in Table 8. For calculation, we used
formulas and constants according to the previous text. We considered a wheelbase of 5 m
fora 2.6 m car. We calculated the values only for diesel fuel [24, 25].

Tab. 8. Consumption of vehicle to overcome F on the runway of 1km

slowdown
Curve radius [m] 100 200 300 400 500
Steering axle load 1000 kg
Fowdown 163 41 18 10 7
consumption [I] 0.01 0.003 0.001 0.001 0.0004
CO0, [kg] 0.029 0.007 0.003 0.002 0.001
Steering axle load 3000 kg
Fylowdown 938 234 104 59 38
consumption [l] 0.063 0.016 0.007 0.004 0.003
CO0, [kg] 0.170 0.043 0.019 0.011 0.007
Steering axle load 6000 kg
Fylowdown 1875 78 35 20 75
consumption [l] 0.126 0.005 0.002 0.001 0.005
CO, [kg] 0.340 0.014 0.006 0.004 0.014
Steering axle load 9000 kg
Flowdown 2813 703 313 176 13
consumption [l] 0.189 0.047 0.021 0.012 0.008

CO, [kgl 0.510 0.128 0.057 0.032 0.020
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Fast driving in sharp turns results in a significant increase in fuel consumption as well as
tire wear [28].

6. Rolling resistance

Rolling resistance also has a significant impact on car consumption. Its size can be deter-
mined using the following equation:

Of=m=* g *f*cosa 4)
- isthe weight of the vehicle [kg],

- is the gravitational acceleration [m/s?],
- is the slope of the travel plane [°],

- e w3

- istherolling resistance coefficient [-].

The value of the rolling resistance coefficient depends on the design of the tires, the in-
flation pressure, the axle geometry and the substrate on which the tires roll. To facilitate
the orientation of ordinary consumers, the legislation requires that tires be labelled at the
dealer. This will provide information on the energy efficiency of a tire by classifying it in
energy classes A to G [12, 25], the ability of the tire to brake on wet surfaces, also based
on classifications A to G, as well as noise emissions during tire rolling. It also requires
that the rolling resistance coefficient for C1 tires does not exceed 10.5 N/kN and for C2 the
limit is 9.0 N/kN. For C3 tires, the limit is set at 8.0 N/kN and from 1. November 2020, it will
be reduced to 6.5 N/kN. Table 9 shows the impact of a tire on fuel consumption and CO,
production based on its energy class rating. The calculation will be made for the life of the
tire, which depends on the type of traffic, way of driving and loading of the vehicle. We will
assume flat driving; truck tire life of 120000 km and other parameters will be used as in the
previous text.

Tab. 9. Effect of rolling resistance coefficient on fuel consumption over tire life of 120 000 km
Truck m =40 000 kg

f 0.004 0.0065 0.008
O¢[N] 1569.6 2550.6 3139.2
Apyrlkl] 188 352 000 306 072 000 376 704 000
QI 16 604 26982 33209
CO, [kg] 44 831.5 72 851.2 89 663.1

In Table 9, the rolling resistance limit coefficients for C3 truck tires currently in force, which
will be applicable from 2020, and the rolling resistance coefficient of peak tires were used.
The difference in the amount of CO, produced is in 10 tonnes for the life of the tires [4, 171].
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Tab. 10. Influence of weight on rolling resistance and fuel consumption over tire life

of 120 000 km
Truck f = 0.0065 kg
m [kg] 8000 16000 40000 1000 2000 3000
O¢ [N] 510.12 1020.24 2550.6 63.765 127.53 191.295
Aprlkl] 61214 400 122428 800 306 072 000 7651800 15303600 22955400
QI 5396 10793 26 982 675 1349 2024
CO, [kq] 14 570.2 29140.5 72 851.2 1821.3 3642.6 5463.8

Table 10 has been calculated for the rolling resistance limit coefficient to be valid after
November 2020 and for different vehicle weights. Here too, there is a significant difference
in the amount of CO, produced. The columns for 1000 kg, 2000 kg and 3000 kg are intended
to point out the saving of CO, produced by reducing the dead weight of the vehicle without
using the vehicle equipment [29].

7.Conclusion

The fact that the country's climate is warming and that the cause of greenhouse gas pro-
duction can be considered to be proven. Humanity must now take measures to reverse or
at least slow down this unfavourable process. However, the solution must be global, not
local, and especially, found in a short time. Solutions should be sought in all areas of hu-
man activity, of course in transport, but not only in road transport [26]. The article sets out
measures that will make it possible to reduce vehicle consumption and hence greenhouse
gas emissions almost immediately and without investing in infrastructure [30]. As stated
above, it is obvious that driving resistances affect the fuel consumption of the vehicle.
The exact choice of route, tire, vehicles, driving technique of drivers can significantly influ-
ence the fuel energetique. It is also directly linked not only to transport costs but also to
production of Greenhouse gases and therefore affects the global warming. For example, by
choosing the right truck tires, it is possible to produce approximately 44,000 kg of CO, less
during the life of the tires. Also by reducing the speed of passenger cars on the motorway
from 130 km/h to 110 km/h it is possible to save 1.45 litres of fuel per 100 km of driving and
if the deceleration is only 120 km/h 0.75 litres per 100 km. It is a reduction in CO, produc-
tion to 71.6%, at a deceleration to 100 km/h or 85.2% at a deceleration to 120 km/h from the
original value. Thus, the absence of an upper speed limit on some sections of motorways
may cause unnecessary C0, production from road transport.

By choosing a route, the driver can also reduce CO, production. If the driver chooses
a straight section of the route instead of a 2% slope, he will produce about 7 kg less CO,
over a 5 km section. At the same time, the 2% rise is very slight, almost unrecognizable to
the eye. In some cases it is more environmentally friendly to choose a longer route, but
without climbing. By applying the principles set out in this Article, up to 40% less CO, from
road transport can be produced in some cases.
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