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In this paper the influences of road and traffic conditions on fuel consumption
and fuel costs of conventional diesel, parallel hybrid, and stoichiometric com-
pressed natural gas buses in intercity bus service are analysed. Calculation of
fuel consumption and fuel costs for these three different bus technologies was
conducted for road network of the Republic of Serbia. Three scenarios were con-
sidered. The first scenario includes bus traffic volume carried out on the road
network in 2014. The other two scenarios are characterized by the decrease i. e.
increase of traffic volume by 20% with unchanged state of road infrastructure in
comparison to the year 2014. Obtained results show that in intercity bus service
the greatest influence on the fuel consumption of buses has operating speed of the
bus, followed by terrain type on which buses operate. The impact of other factors
(international roughness index, fluctuation of traffic volume by 20%, and correc-
tion factors of fuel consumption) is less pronounced. In various operating condi-
tions the fuel cost savings per 100 km of compressed natural gas buses compared
to diesel buses are in the range of €8.84-12.16. These cost saving for hybrid bus-
es compared to diesel buses are in the range of €3.33-7.27.

Key words: diesel bus, compressed natural gas bus, hybrid bus, costs,
fuel consumption, road network

Introduction

The imperative of sustainable transportation requires increasing efforts to reduce en-
ergy consumption from transport sector [1]. For this reason, in many countries constant ef-
forts are being made to create and implement a number of policies and measures to reduce en-
ergy consumption and to its efficient use [2]. One of the possible solutions is to replace vehi-
cles that ran on oil-based fuels with alternative fuel vehicles [3], or in this particular case, to
replace diesel buses with alternative fuel buses.

The purpose of this research is to highlight the potential benefits of the application
of energy efficient bus technologies in intercity bus service. Precisely, the focus is on the fuel
consumption of diesel, hybrid, and compressed natural gas (CNG) buses according to various
road and traffic conditions. Another aspect of this research is the calculation and comparison
of the fuel costs for these three bus technologies. In Serbia, the share of hybrid and CNG bus-
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es is very low in both urban and intercity bus service. Consequently, there is considerable
scope for their greater use. Also, the possibilities to use more advanced and more expensive
bus technologies in Serbia and countries like it are still modest.

Literature review

Numerous studies and experimental research confirmed that CNG and hybrid buses
have significant environmental advantages compared to the conventional diesel buses [4-6].
At the same time, numerous studies indicate that hybrid buses have significant potential to re-
duce fuel consumption and thus fuel costs, compared to conventional diesel buses. Among
these are studies that are based on laboratory tests and studies that are based on actual on-road
conditions. For example, [5] found that fuel economy for the hybrid bus was more than 50%
higher than for the both baseline diesel buses with and without diesel particulate filter. Higher
fuel economy, from 30-75%, for the hybrid in comparison to the diesel bus also reported in
[6]. Research carried out by [7] revealed that the use of hybrid-drive buses would lead to the
more than 20% lower fuel consumption. On the other side, CNG buses have fuel economies
16-25% lowers than diesel buses [8, 9]. Lower fuel economy of CNG buses, also confirmed
[10]. But, it is important to underline that the fuel costs savings can be provided both by in-
creasing the buses fuel economy and by using buses that operate on fuels with lower prices.
This reflects one of the advantages of CNG buses, since natural gas is considerably cheaper
then diesel.

Fuel consumption of buses depends on many factors, including road type, speed, ac-
celeration, road grade, load mass, air conditioning, driving style, efc. [11-15]. There are nu-
merous studies which confirm that speed is the one of the most important factor which signif-
icantly affects fuel consumption. Among them is the study [12] which stressed that for all
analysed buses fuel consumption factors decrease with bus speed increases. Strong influence
of average speed on fuel consumption has been confirmed by [13] too. They also revealed that
this influence is much stronger when average speed is lower than 30 km/h.

Common for all of the aforementioned studies is that they are related to urban opera-
tion conditions. In this research focus is on intercity bus service. Therefore, design speed (V4
— maximum vehicle speed limited by traffic sign), operating speed (V, — real speed of vehicle
in traffic flow), terrain type (flat, hilly, mountainous), international roughness index
(IRI — standardized roughness characteristic of the longitudinal profile of road expressed in
[mkm '), fluctuation of traffic volume, and correction factors of fuel consumption (fic — cor-
rection factor of fuel consumption due to mutual interference between vehicles in the traffic
flow, hereinafter referred to as correction factor), were selected as factors that affect fuel con-
sumption and fuel costs. The operating speed, fluctuation of traffic volume, and correction
factors were selected as indicators of traffic conditions, while the other three were chosen as
indicators of road conditions. Influence of these factors on fuel consumption and fuel costs for
three different buses technologies was analysed.

Methodology for estimation of fuel consumption
and fuel costs of buses

Research of fuel consumption and fuel costs of different bus technologies (conven-
tional diesel, stoichiometric CNG, and parallel hybrid buses) is carried out at the road network
of the Republic of Serbia (all public roads of the IA category, most of the road sections of 1B
category, and smaller part of the road sections of II category). The whole network includes
260 road sections of a total length of 5,563 km.
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The methodological procedure consists of several steps. In the first step it is neces-
sary to collect data on annual average daily traffic (AADT) of the buses on each road section
of considered road network. In the second step it is necessary to collect specific operating at-
tributes for each road section: length, design speed, terrain type, IRI, hourly capacity, and
flow/capacity (F/C — intensity to capacity ratio). In the third step, based on previous data it is
possible to calculate the operating speed of buses and correction factor on individual road sec-
tions. In relation to the operating speed, the fourth step determines the fuel consumption and
the fuel cost of diesel buses for the whole network. Also, it is possible to calculate the fuel
consumption and fuel cost per 100 km for each road section. In addition to determining fuel
equivalents of alternative bus technologies, in the last step it can be calculated fuel consump-
tion and fuel cost of CNG and hybrid buses.

Presented methodological approach can be used for comprehensive analysis of the
mentioned operating conditions on fuel consumption and fuel costs of different bus technolo-
gies in rural/non-urban areas. Due to significantly different operating conditions, presented
methodology is not applicable in urban areas.

Three scenarios are considered, fig. 1. The first scenario (SC2014) includes bus traffic
volume on the road network that is valid for 2014, within the current development of road infra-
structure. Necessary data of the AADT for each of the 260 road sections were obtained on the
basis of traffic counting conducted by the Public Enterprise Roads of Serbia for 2014 [16-18].
The other two scenarios are hypothetical research scenarios. They are related to decrease (sce-
nario SC-20%), or increase (scenario SC+20%) of traffic volume by 20%, tab. 1.
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Figure 1. The considered road network of Serbia

Table 1. Bus traffic volumes on the road network in different scenarios

Scenario SC2014 SC-20% SC+20%

Traffic volume [km per bus] 312,443,035.90 249,954,428.72 374,931,643.08

At the same time, the state of the road infrastructure is identical as in scenario
SC2014. In scenarios SC-20% and SC+20%, the change of AADT causes the changes of:



Ivkovi¢, I. S., et al.: Influence of Road and Traffic Conditions on ...
696 THERMAL SCIENCE, Year 2017, Vol. 21, No. 1B, pp. 693-706

F/C, operating speeds, and correction factors. The consequences of these changes are reflect-
ed in the change of fuel consumption. Hypothetical scenarios are intended to show the extent
to which changes in traffic conditions (compared to the unchanged road conditions) affects
the fuel consumption of buses.

Annual fuel consumption of buses for the group of road sections with the same IRI
and terrain type, F'C; ,, is given by the eq. (1):

n fFCj
FC; = ZFI AADTg, ;3.65FC, ; -(WH FoiiL; (1)
k

where i is the bus technology (diesel, CNG, or hybrid bus), j — the individual road section de-
scribed by the specific IRI (IRI = 2, 5, or 8 m/km), and terrain type, flat (T1), hilly (T2), and
mountainous (T3), k — the scenario, n — the group of road sections with the same IRI and ter-
rain type, AADTg,,; — AADT by buses on the road section j, F'Cy; — specific fuel consump-
tion of diesel bus per 100 km on the road section j, frc; — the correction factor on the road sec-
tion j due to changes in speed from V4 to V,, adopted from speed matrix [19], Feq;; — the fuel
equivalent of bus technologies on the road section j, and L; — the length of road section .

The FCy; from eq. (1) is determined for diesel bus IK104p (six-cylinder engine, dis-
placement 10.35 dm®, power 160 kW) according to various road conditions of the road section
j in the form of a polynomial of second degree, eq. (2):

FCy; =100(a+bV, ;+cV, ) Q)

where a, b, and c are the regression coefficients, tab. 2, V,; — the operating speed on the road
section j calculated by Bureau of Public Roads formula [20], eq. (3).

Table 2. Regression coefficients for determining specific fuel consumption of diesel buses [21]

Terrain — flat Terrain — hilly Terrain — mountainous
IRI

a b c R’ a b @ R’ a b @ R’

2 (0.349117|-0.00638 | 0.000059 | 0.978 {0.347710{—0.00595 | 0.000056 | 0.990 [0.359716|-0.004460 | 0.000043 | 0.965

5 10.365289| —0.00668 | 0.000061 | 0.976 0.363594|-0.00621 | 0.000058 | 0.988 [0.369716|-0.004471 | 0.000043 | 0.971

8 10.387864| —0.00708 | 0.000065 | 0.986 |0.380856|—0.00517 | 0.000049 | 0.992 |0.391856|—0.005077 | 0.000049 | 0.989

v, = b 3)

0,] F d
tfree,j 1+C(C)
J

where #4..; is the travelling time in the free traffic flow, (#/C); — the intensity to capacity ratio
on the road section j, ¢ and d — the coefficients (for motorways ¢ = 0.45, d = 4, for two-lane
roads ¢ = 0.50, d = 2.5, for rural roads ¢ = 0.80, d = 1.5).

On the basis of the coefficients (a, b, and ¢) and operating speeds, fig. 2, shows a di-
agram of the specific fuel consumption of diesel buses for different operating speeds in vari-
ous road conditions.

The curves are calculated for nine combinations of terrain type and IRI, tab. 3.
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Table 3. The considered nine combinations of terrain type and IRI [mkm™]

Road Terrain — flat Terrain — hilly Terrain— mountainous
conditions | [rR{=2 | [RI=5 | IRI=8 | IRI=2 | IRI=5 | IRI=8 | IRI=2 | IRI=5 | IRI=8
Label | T1-IRI2 | T1-IRI5 | TI-IRI8 | T2-IRI2 | T2-IRI5 | T2-IRI8 | T3-IRI2 | T3-IRI5 | T3-IRI8

In eq. (1), in the case of CNG buses, Foq;; 40
represents a value which indicates how much § as
the equivalent cubic meters of natural gas 2
where consumed in relation to the consump- 2 30
tion of diesel in litres per 100 km. According =
to our previous research [21], adopted value is 2

Feqgong = 1.08. This fuel equivalent was ob-
tained on the basis of experimental research of
fuel consumption of CNG bus IK-104CNG 0 10 20 30 40 50 60 70 80 90 100
. . . C - . V. [kmh—1]

(six-cylinder engine, stoichiometric combus- °
tion, displacement 10.35 dm’, power 190 kW)  Figure 2. Specific fuel consumption of diesel
on the real intercity lines in Serbia: Belgrade-  buses
Jagodina, Belgrade-V. Banja, and Belgrade-
Loznica. In the case of hybrid buses, F,;; is the reduction percentage of fuel consumption of
diesel buses due to the use of electric motor in various operating conditions at different operat-
ing speeds. According to [22], based on four months testing of hybrid bus Volvo 7700-Hybrid
(parallel hybrid system, four-cylinder Diesel engine, displacement 4.76 dm’, power 158 kW
and electric motor, power 120 kW) in real intercity operating conditions, the adopted values
are: Fequg = 100% (V, = 0-20 km/h), Fequs = 50% (V, = 20 — 40 km/h); Fequs = 30%
(Vo=40 - 60 km/h), and Fequs = 15% (V, = 60-maximum speed).

Based on the calculation of fuel consumption, it is possible to determine the average
fuel costs of different bus technologies per 100 km in various road and traffic conditions —

ACkc,ink100km,> €9. (4):

N
o

FC, , xpr100

Bus kms,, ,

(4)

ACFC,i,n,k,lOO km —

where Bus kms, ; is the traffic volume of buses per day for characteristic operating conditions
n and scenario k, pr— the fuel price, and f— the fuel type (diesel or CNG).

Results and discussion of fuel consumption
and fuel cost of buses

Analysis of fuel consumption in scenario SC2014

Table 4 presents results of the fuel consumption of different bus technologies ac-
cording to various road and traffic conditions in scenario SC2014, obtained by eq. (1). The to-
tal traffic volume of 312 million Bus-kms has been achieved in this scenario. The highest traf-
fic volume was achieved on road sections within operating conditions T1-IRI2. The major
part of the road sections on which design speeds are high (80-100 km/h) is encompassed by
operating conditions T1-IRI2. Average fuel consumption of diesel buses is 25.06 litres per
100 km. Based on the determined fuel equivalent value, average fuel consumption of CNG
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buses is by 8% higher than fuel consumption of diesel buses. Fuel consumption of hybrid
buses is by 17% lower than of diesel buses.

Table 4. The fuel consumption of different bus technologies in scenario SC2014

Diesel | CNG | Hybrid Diesel | CNG | Hybrid

Bus kms | Aver. | Aver. £ bus bus bus bus bus bus
[10° per Vq Vo | JEC | [10°L | [10°m® | [10°L u E U
Jear] [lomb] | flemb] [%] - i - [L per | [m per | [L per
100 km] | 100 km] | 100 km]
year] year| year]

T1-IRI2 153.40 7623 | 72.15 | 5.30 | 38.45 41.52 31.89 25.06 27.07 20.79
T1-IRIS 12.96 6531 | 61.84 | 2.53 2.58 2.78 1.85 19.86 21.45 14.26
T1-IRI8 0.040 80.00 | 67.78 | 13.46| 0.009 0.010 0.008 23.45 25.32 19.93
T2-1RI2 55.76 65.65 | 58.61 | 7.44 | 12.27 13.25 9.23 22.00 23.76 16.55
T2-IRIS 56.82 6132 | 57.19 | 424 | 12.14 13.11 8.81 21.36 23.07 15.51
T2-IRI8 0.634 5490 | 4991 | 3.10 | 0.164 0.178 0.121 25.96 28.03 19.11
T3-IR12 12.92 61.50 | 52.71 | 6.95 343 3.70 2.36 26.55 28.67 18.26
T3-IRI5 18.47 52.60 | 50.89 | 1.80 4.88 5.27 3.26 26.39 28.50 17.63
T3-IRI8 1.44 60.00 | 5849 | 1.22 | 0.386 0.417 0.270 26.80 28.94 18.76
Network | 312.44 64.99 | 60.71 | 5.18 | 74.29 80.23 57.79 23.78 25.68 18.50

Average fuel consumption of diesel and CNG buses within operating conditions
T1-IRI5, with respective values 19.86 L per 100 km and 21.45 m’ per 100 km, is considerably
lower than it is the case within operating conditions T1-IRI2. In spite of worse road condi-
tions (IRI value higher by 3 m/km), average fuel consumption has decreased. Lower design
speeds are the major cause of the aforesaid, that is to say, lowers operating speeds on particu-
lar road sections which imply less specific fuel consumption (difference between average op-
erating speeds within operating conditions T1-IR5 and T1-IRI2 is about 10.5 km/h). Hybrid
buses averagely consume by 28% less fuel within operating conditions T1-IRI5 than diesel
buses do within the same conditions, which is the consequence of more intensive use of elec-
tric motor than within operating conditions T1-IRI2.

Average fuel consumption of diesel and CNG buses is by 6.5% lower within operat-
ing conditions T1-IRI8 than within operating conditions T1-IRI2. The F/C ratio of road sec-
tions is higher within operating conditions T1-IRI8, as indicated by a more considerable dif-
ference between average design and operating speed (about 12 km/h). Correction factors are
higher due to higher F/C ratio (average value is about 13.5%). However, higher values of IRI
and correction factors can not make influence strong enough to make average fuel consump-
tion of diesel and CNG buses higher than in case of operating conditions T1-IRI2. This is due
to the dominant influence of lower operating speeds on fuel consumption decrease. Average
fuel consumption of hybrid buses within operating conditions T1-IRI8 is by 15% lower than
of diesel buses within the same operating conditions. Making a comparison between average
fuel consumptions of hybrid buses on the road sections T1-IRI8 and T1-IRI5S we can notice
that the fuel consumption on road sections T1-IRI8 is by 39% higher. The primary cause
whereof is less intensive use of electric motors at higher operating speeds. The higher operat-
ing speeds on particular road sections are indicated by difference between average operating
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speeds — 67.78 km/h — T1I-RI8 and 61.84 km/h — T1-IRIS, tab. 4. The secondary cause is
higher specific fuel consumption at higher IRI and higher values of correction factors.

Lower design and operating speeds of buses are more typical of hilly road sections
(T2-IR12, T2-IRI5, and T2-IRI8) than of flat road sections. Yet, the minimum specific fuel
consumption on hilly road sections is registered at lower speeds. Consequently, the range of
speeds which imply higher specific fuel consumption is wider. The minimum of specific fuel
consumption curves is shifted more to the left, fig. 2. To be precise, speeds which imply min-
imal specific fuel consumption are by 2 km/h lower than the equivalent speeds within flat
road operating conditions. In addition, specific fuel consumption curves typical of hilly road
sections are above the curves referring to flat road sections. These are the main reasons for
which fuel consumption per 100 km of diesel and CNG buses is by 7.5% and 10.7% higher
within operating conditions T2-IRI5 and T2-IRI8, respectively, than within operating condi-
tions T1-IRI5 and T1-IRI8. Correction factors influence the registered fuel consumption in-
crease up to 2%. To the contrary of the previously stated, average fuel consumption of diesel
and CNG buses within operating conditions T2-IRI2 is lower than average fuel consumption
within operating conditions T1-IRI2. This comes as a consequence of distinctively higher op-
erating speeds (average value is 72.15 km/h) on particular road sections within operating con-
ditions T1-IRI2. Average fuel consumption of hybrid buses on the road sections T2-IRI2,
T2-IRI5, and T2-IRI8 is by about 25-27% lower than the fuel consumption of diesel buses
under the same operating conditions.

Average fuel consumption of diesel and CNG buses is higher within mountainous
operating conditions (T3-IRI2, T3-IRIS, and T3-IRI8) than within flat and hilly operating
conditions. Generally speaking, the increase in average fuel consumption fluctuates in range
of 3-33% depending on the operating conditions that are being compared. Road conditions re-
flected primarily in a bus driving within hilly conditions, which are typically characterized by
an increase in specific fuel consumption per 100 km (specific fuel consumption curves which
refer to hilly road sections are positioned above other curves, fig. 2), are the basic cause.
Within mountainous operating conditions, average fuel consumption of hybrid buses is by
30-31% lower than of diesel buses. Such a decrease is even more noticeable than within hilly
operating conditions.

Analysis of fuel consumption in scenario SC-20%

Traffic volume decreases by 20% in scenario SC-20%. The total fuel consumption
of diesel and CNG buses on the level of the whole road network is by 20.32% lower than it is
the case in scenario SC2014. The difference of 0.32% also indicates that average fuel con-
sumption of diesel and CNG buses on the level of the whole road network is lower in scenario
SC-20%.

Since operating speeds on each section of the road network are by 20% higher due
to less traffic volume, higher fuel consumption is expectable. This standpoint is indicated by
the fact that the average operating speed on the level of the whole road network (62.44 km/h,
tab. 5) is higher than operating speeds which register minimum specific fuel consumption
(50-54 km/h, fig. 2). However, lower values of correction factors are the main reason due to
which fuel consumption does not increase in respect to scenario SC2014. More precisely, in
scenario SC-20% such values cause increase in the fuel consumption within the limits
0.79-8.34%, while in scenario SC2014 the values in question are almost double as much
(1.22-13.46%).
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Table 5. The fuel consumption of different bus technologies in scenario SC-20%

Bus Diesel | CNG | Hybrid | Diesel | CNG | Hybrid

Kms Aver. Aver. 7,| £ bus bus bus bus bus bus
[10° per V4 [kmli’l]o [lf/oc] [10°L | [10°m® | [10°L | [Lper | [m®per | [L per
year] [kmh '] per per per 100 | 100 100

year] year] year] km] km] km]

T1-IRI2 | 122.72 | 76.23 74.00 2.86 30.83 3330 | 25.62 | 25.12 | 27.13 20.88
T1-IRIS | 1037 | 65.31 63.28 1.78 2.04 2.21 1.47 19.72 | 21.30 14.21
T1-IRI8 | 0.032 80.00 72.52 8.34 0.008 | 0.008 | 0.006 | 23.44 | 25.31 19.92
T2-IRI2 | 44.61 65.65 61.46 437 9.71 10.49 7.72 21.77 | 23.52 17.30
T2-IRIS | 4545 | 61.32 58.76 2.81 9.59 10.36 7.08 21.11 22.80 15.57
T2-IRI8 | 0.507 | 54.90 51.25 2.47 0.130 | 0.141 0.096 | 25.73 27.79 18.95
T3-IR12 | 10.33 61.50 56.14 4.69 2.68 2.90 1.93 2597 | 28.05 18.66
T3-IRIS | 14.78 | 52.60 51.47 1.29 3.88 4.19 2.59 26.25 28.35 17.54
T3-IRI8 1.15 60.00 59.13 0.79 0.308 | 0.333 0.216 | 26.74 | 28.88 18.72
Network | 249.95 | 64.99 62.44 3.02 59.19 | 63.93 46.72 | 23.68 | 25.58 18.69

Yet, regardless of all previously stated, more favourable traffic conditions do not
cause considerable decrease in average fuel consumption within various operating conditions
(from T1-IRS to T3-IRI8). Bearing in mind the common, yet adverse influence of the increase
in operating speeds and lower values of correction factors, decrease in the average fuel con-
sumption of diesel and CNG buses does not exceed 2.15%. It should be pointed out that, only in
case of operating conditions T1-IRI2 in connection with scenario SC-20%, average fuel con-
sumption of diesel and CNG buses is higher in comparison with scenario SC2014, due to very
high values of operating speeds on particular road sections (average value is 74.00 km/h, tab. 5).

The total fuel consumption of hybrid buses on the level of the whole road network is
lower by 19.14% in scenario SC-20% than in scenario SC2014. One can notice that decreas-
ing the traffic volume by 20% does not necessarily lead to the proportionally equal decrease
in the fuel consumption. This fact indicates that average fuel consumption of hybrid buses on
the level of the whole network is higher than in scenario SC2014. If we make a comparison
between average fuel consumptions of hybrid buses, assuming the same operating conditions
yet in different scenarios (SC2014 and SC-20%), one can see that within certain operating
conditions in scenario SC-20% there has been an increase while in others there has been a de-
crease in average fuel consumption. More intensive use of diesel motor on certain road sec-
tions is considered to be the cause of an increase in average fuel consumption registered with-
in some operating conditions. Within operating conditions which register decrease in average
fuel consumption the cause is almost as much use of Diesel motors on characteristic road sec-
tions in two scenarios (SC2014 and SC-20%), and lower values of correction factors in sce-
nario SC-20%. Changes in average fuel consumption, whether we talk about an increase or a
decrease therein, do not exceed 4.6%.

Analysis of fuel consumption in scenario SC+20%

The 20% increase in the traffic volume is typical of scenario SC+20%. The total fuel
consumption of diesel and CNG buses on the level of the whole road network is by 20.97%
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higher than in scenario SC2014. These data indicate that average fuel consumption of diesel
and CNG buses on the level of the whole road network is higher than in case of scenario
SC2014. If we make a comparison between average fuel consumptions of diesel and CNG
buses, assuming the same operating conditions in two different scenarios (SC2014 and
SC+20%), one can notice that average fuel consumption is higher for all operating conditions
in scenario SC+20%. Bigger influence of the correction factor is considered the main reason
thereof. Within different operating conditions, correction factors separately affect an increase
in the fuel consumption of buses, from 1.79-18.91% on average, tab. 6. Still, bearing in mind
the equivalent value of correction factors in scenario SC2014 (1.22-13.46%), an increase in
the average fuel consumption of diesel and CNG buses, within various operating conditions
(from T1-IR2 to T3-IRI8) in scenario SC+20%, does not exceed 3%.

Table 6. The fuel consumption of different bus technologies in scenario SC+20%

Diesel | CNG | Hybrid | Diesel | CNG | Hybrid

Enliz Aver. | Aver. £ bus bus bus bus bus bus
[10° per Vi v, [lf/oc] [10°L | [10°m® | [10°L | [Lper | [m’per | [L per
year] [kmh™'] | [kmh™'] per per per 100 | 100 | 100

year] year] year] km] km] km]

T1-IRI2 | 184.08 | 76.23 | 69.52 8.42 46.13 | 49.82 | 37.64 | 25.06 | 27.07 | 20.45
T1-IRIS 15.56 | 65.31 60.01 3.35 3.12 3.37 2.20 20.03 | 21.63 14.13
T1-IRI8 0.049 | 80.00 | 62.29 18.91 0.011 0.012 | 0.010 | 23.67 | 25.56 | 20.12
T2-IRI2 66.91 65.65 | 55.10 10.98 14.99 16.18 10.71 2240 | 24.19 16.01
T2-IRIS 68.18 | 61.32 | 55.25 5.81 14.83 16.02 1053 | 21.76 | 23.50 15.44
T2-IRI8 0.760 | 54.90 | 48.49 3.77 0.199 | 0.215 | 0.147 | 26.21 28.30 19.28
T3-IR12 1550 | 61.50 | 48.69 9.23 4.24 4.58 2.83 2734 | 29.53 18.29
T3-IRI5 22.17 | 52.60 | 50.20 2.34 5.89 6.36 3.85 26.58 | 28.70 17.35
T3-IRI8 1.73 60.00 | 57.65 1.79 0.464 | 0.502 | 0325 | 26.89 | 29.04 18.82
Network | 374.93 | 64.99 | 58.47 7.78 89.87 | 97.06 | 6824 | 2397 | 25.89 18.20

On the level of the whole network, hybrid buses consume by 1.58% less fuel per
100 km in scenario SC+20% than in scenario SC2014. If we compare scenarios SC2014 and
SC+20%, average fuel consumption in SC+20% is higher within particular operating condi-
tions (T1-IRI2, T1-IRI5, T2-IRI2, T2-IRI5, T3-IRI5), while it is lower within other operat-
ing conditions (T1-IRI8, T2-IRI8, T3-IR12, T3-IRI8). Decrease in average fuel consumption
occurs mainly as a consequence of more intensive use of electric motor (due to lower oper-
ating speeds) to the point that the increased correction factors can not make crucial influ-
ence causing the achieved average fuel consumption to be higher than in scenario SC2014.
Within operating conditions which register increase in average fuel consumption the cause
is almost as much operation of Diesel motors on characteristic road sections in two scenari-
os (SC2014 and SC+20%), and higher values of correction factors in scenario SC+20%.
Average fuel consumption variations of hybrid buses, whether an increase or a decrease is
in question, do not exceed 3.3%.
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buses whose consumption is ex-
pressed in L/100 km, the main reason
for the lowest fuel costs of CNG buses
is the price of CNG, which costs by
52% less than diesel. According to
[23] regressed price of one litre of die-
sel for legal entities in October 2015
was €0.92. According to the same
source, the total price of one m’ of
natural gas was €0.44 (taking into ac-
count the additional expenditure of
compression to 200 bar).

In scenario SC2014, these buses
reach the highest average fuel costs
per 100 km within operating condi-
tions T3-IRI§, T3-IRI2, T3-IRI5,
T2-IRI8, and TI-IRI2 (€11.91-
12.74). The lowest average fuel costs
of €9.45 are achieved within operat-
ing conditions TI-IRIS. In case of
SC2014, hybrid buses reach the high-
est average fuel costs within operat-
ing conditions TI-IRI2, which
amount up to €19.12, while the low-
est costs of €13.12 are achieved with-
in operating conditions TI1-IRIS. In

s 2 = ¢ = =2 = 2 scenario SC2014, the highest average

e T T T S S fuel costs of about €24.50 per 100 km

- — - [ [ [ ~ — [ X .
SC+20% are reached of diesel buses on hilly

Figure 3. The fuel costs for different bus technologies per
100 km: [ — diesel bus, 2 — CNG bus, 3 — hybrid bus

road sections.
Changes in traffic conditions in
terms of increasing or decreasing

traffic volume by 20% (scenario SC-20% and scenario SC+20%) have such an influence that
changes in average fuel costs, of particular bus technology within particular operating condi-
tions and with regard to scenario SC2014, reach the maximum value of 4.60%. In scenario
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SC-20% the biggest change in fuel costs occurs in case of hybrid buses, within operating
conditions T2-IRI2, noting their increase by 4.57%. In all other cases, when it comes to the
comparison of fuel costs changes of different bus technologies, which appear within various
operating conditions, deviations do not exceed 2.15%. The biggest change of fuel costs of
diesel and CNG buses, in scenario SC+20%, occurs within operating conditions T3-IRI2,
when the costs increase by 2.98%. In case of hybrid buses, the biggest change occurs within
operating conditions T2-IRI2 when fuel costs increase by 3.23%. In all other cases, when we
make a comparison between fuel cost changes of different bus technologies, which appear
within various operating conditions, deviations do not exceed 1.90%. In the end, tab. 7 shows
fuel cost savings per year of different fuel technologies, according to various operating condi-
tions and in three discussed scenarios.

Table 7. Fuel costs savings per year of different bus technologies (in €)

SC2014 SC-20% SC+20%

CNG bus/ | Hybrid bus/ CNG bus/ Hybrid bus/ CNG bus/ Hybrid bus/

Diesel bus Diesel Bus Diesel bus Diesel Bus Diesel bus Diesel Bus
TI-IRI2 | 17,100,703 6,035,631 13,713,250 4,794,332 20,520,142 7,814,960
TI-IRI5 | 1,145,425 668,309 909,578 525,598 1,386,068 844,133
T1-IRI8 4,221 1,310 3,376 1,047 5,113 1,586
T2-IRI2 | 5,457,709 | 2,800,509 4,320,434 1,835,810 6,665,640 3,930,334
T2-IRI5 | 5,397,990 3,057,314 4,267,541 2,316,578 6,598,006 3,959,993
T2-IRI8 73,160 39,925 58,019 31,624 88,639 48,435
T3-IRI2 | 1,525,196 984,447 1,193,862 695,719 1,884,863 1,290,353
T3-IRI5 | 2,168,563 1,489,900 1,725,495 1,184,759 2,620,400 1,881,198
T3-IRI8 171,607 106,483 136,977 84,995 206,585 128,187
Network | 33,044,574 | 15,183,829 | 26,328,532 11,470,462 39,975,455 19,899,178

Conclusions

Fuel consumption and fuel costs of buses depend on a number of factors which have
been presented in this research. Operating speed of a bus and terrain type of the road section
on which a bus is driven, respectively, have the biggest influence on the fuel consumption.
The IRI influence on the fuel consumption change is the least prominent. To be precise, less
influence of IRI on the fuel consumption is especially noticeable on flat road sections with
minimum value of IRI in all three discussed scenarios. Due to a high operating speed within
these operating conditions, fuel consumption and fuel costs are very similar to the appropriate
values achieved within the most unfavourable operating conditions (all mountainous road sec-
tions and hilly road sections with higher IRI). This statement applies to all bus technologies in
all three scenarios. Making a comparison among different scenarios, correction factor changes
are more prominent when traffic volume on the road network increases. That is to say, on the
level of the whole road network, correction factors are in average higher by about 50% in sce-
nario SC+20% rather than in scenario SC2014. In scenario SC+20% they influence fuel con-
sumption of buses to increase in range of 2-19%. In scenario SC-20%, on the level of the
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whole road network, correction factors are in average by about 42% less than in scenario
SC2014. In this scenario they influence fuel consumption of buses to increase in range of
1-8%. In comparison with the fuel consumption of diesel and CNG buses within the all dis-
cussed operating conditions, the biggest decrease in average fuel consumption of hybrid buses
is typical of scenario SC+20%. Due to a bigger traffic volume achieved in scenario
SC+20%, operating speeds are lower; therefore the electric motor use is more intensive. In
case of the road network of Serbia, this fact is especially noticeable within mountainous oper-
ating conditions, when fuel consumption decreases by 30-35%.

The CNG buses represent by far the most efficient bus technology from the view-
point of the effectuated fuel costs. When these buses are used in intercity bus service, the fol-
lowing fuel cost savings are registered: in scenario SC2014, savings of CNG buses per 100 km
range from €8.84-11.92 in comparison with diesel buses, i. e. from €3.67-7.21 in comparison
with hybrid buses; in scenario SC-20%, savings per 100 km range from €8.77-11.89 in com-
parison with diesel buses and from €3.66 to €7.27 in comparison with hybrid buses; in scenario
SC+20%, savings per 100 km range from €8.91 to €12.16 in comparison with diesel buses and
from €3.33 to €7.26 in comparison with hybrid buses. The previously displayed fuel cost sav-
ings indicate that fluctuations in the traffic volume generally have very little influence on the
fuel cost changes per 100 km, assuming the same operating conditions which are observed in
various scenarios. If CNG buses operate on the observed road sections, there will be the total
annual fuel cost savings (in respect to the operation of diesel buses) in range of €26-39 million,
depending on the realised traffic volume. If on the other hand hybrid buses operate on the ob-
served road sections, there will be the total annual fuel cost savings (in respect to the operation
of diesel buses) in range of €11-19 million, depending on the realised traffic volume.

Assessment approach for the influence of road and traffic conditions on fuel con-
sumption and fuel costs presented in this research is adaptable, i. e. it is applicable both on
other alternative bus technologies and other vehicle categories. From the viewpoint of fleet
owners, certain ideas and observations can be used in the procedure of choice of vehicles, es-
pecially in segment of determining of fuel costs, which represent the key component of vehi-
cle operating costs.
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Nomenclature

AADTg,; — annual average daily traffic by ¢, d  — coefficients of the road section type, []
buses on the road section j, (F/C); — intensity to capacity ratio on the road
[buses per day] section j, [-]

ACkcink100km — average fuel costs of different FCy; — specific fuel consumption of diesel
bus technologies per 100 km, bus on the road section j,
[€ per 100 km] [L per 100 km]

a b, c — regression coefficients, [] FC;,r —annual fuel consumption of buses,

Bus kms,, ; — traffic volume of buses per day [L per year or m® per year]
in conditions 7 in scenario k, Feq.ong — fuel equivalent of CNG bus, []

[bus kms] Feqns — fuel equivalent of hybrid bus, [%]
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Fe,i; — fuel equivalent of bus technology Acronyms
on the road section j, [-]

Jfrc — correction factor of fuel consumption, [%]

Jrc,; — correction factor of fuel consumption on
the road section j, [%]

L; —length of road section j, [km]

pr — fuel price of CNG or diesel, Subscripts
[€ per m*] or [€ per L]

AADT- annual average daily traffic
CNG - compressed natural gas

F/C - flow/capacity ratio

IRI - international roughness index

O . S = f — fuel type (diesel or CNG)
R coefficient of determination, [] i — different bus technology (diesel, CNG,
tree,; — travelling time in the free traffic flow the .
J or hybrid bus)

rogd section j, [h] 0 Jj — individual road section
e gf,iﬁ?iﬁgef&e[ dkn[‘h - k- scenario (SC2014, SC ~20%,
o 5 ()0
V,; — operating speed on the road section j, or SC-20%) . .
[k nllfl] n — number of _rgad section with the same
road conditions
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