
Jovanović, S. S., et al.: Theoretical Analysis of the Cumulative Costs of … 
THERMAL SCIENCE, Year 2017, Vol. 21, No. 1B, pp. 669-681 669 

THEORETICAL  ANALYSIS  OF  THE  CUMULATIVE  COSTS 
OF  DIFFERENT  DIESEL  BUS  ALTERNATIVES  FOR  A 
PUBLIC  TRANSPORT  IN  THE  CITY  OF  BELGRADE 

by 

Stevan S. JOVANOVI] 
a* and Dragan M. KNEŽEVI] 

b 
a Institute of Physics, University of Belgrade, Belgrade, Serbia 

b Faculty of Mechanical Engineering, University of Belgrade, Belgrade, Serbia 

Original scientific paper 
DOI: 10.2298/TSCI161013305J 

This paper includes comparative analysis of the environmental, energetic, and fi-
nancial costs of different bus propulsion, possibly applied on the public transport 
in the city of Belgrade. It considers the modern diesel bus, the trolleybus, the nat-
ural gas bus with the spark ignition engine, the electric bus using LiFePO4 bat-
tery, and the electric bus with ultra-capacitor. The results are presented accord-
ing to the real data and the real electro-energetic situation in Serbia, with the 
dominantly used lignite coal as primary fuel. This model gives the exact exhaust 
emission of electric vehicles at the thermal power plant, enables its comparison 
to the internal combustion engine vehicles. The result in analysis shows that the 
natural gas bus is the most cost efficient in economical way with overall exploita-
tion price of $87 per 100 km. The trolleybus is more economical then the natural 
gas powered bus only at high departures rate, higher than 230 per workday. 
Key words: electric bus, trolleybus, exhaust emission, natural gas propulsion, 

thermal power plant 

Introduction 

Every city with developed public transport needs to do periodical studies about its 
economic efficiency. Today it is necessary, due to constant technological and market changes. 
The means of public transport are the capital investments and their choice affects all citizens. 
It should be done with the scientific and engineering correctness.  

Buses are still the core of public transport in Europe, mainly due to the initial price 
of vehicles as well as the low cost of infrastructure [1]. Today, the choice of bus types and 
models is so wide, that it is impossible to say which one is the best. A complex algorithm is 
needed to calculate the optimum for specific transport route. Modern trends force us to think 
not pure financially, but economically accounting social and ecological costs of transport.  

The accent will be on the Belgrade's public transport which mainly uses the diesel 
buses and the trolleybuses considering all bus types. City owned public transporter decided to 
buy the five new electric buses powered by ultra-capacitor [2]. The purpose of this paper is to 
make contribution, dealing with the technical and economic analysis of the problems, to the 
proper assessment when deciding on the choice of the best variants of the power system at the 
moment. Some alternative bus propulsion systems will be considered which could possibly 
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exchange the diesel ones in the term of economic feasibility. This work will not consider all 
available the new technologies, but at the already existing technologies which could be ap-
plied at our transportation system. Therefore, a brief comparative analysis will be provided 
where several types of buses will be considered: the electric bus with electrochemical accu-
mulator, the electric bus with ultra-capacitive accumulator, the CNG bus with spark ignition 
engine, and the trolleybus. 

Despite controversies, the trolleybus is still popular means of transport in many Eu-
ropean countries [3]. It will be the only bus type where infrastructural cost will be added to 
cumulative financial costs, rather than the other electric bus types.  

This paper gives realistic scenario for Serbia, where lignite coal is used as main en-
ergy source for electricity production [4]. The major trends for global price changes will also 
be calculated in order to provide not only correct, but precise results. This analysis includes 
two concepts of public transportation costs:  
– financial, the costs of vehicle, energy, and maintenance, and  
– economic, the financial cost with added social costs (exhaust emission and noise).  

The result is mainly achieved by mathematical calculations according to the main 
principles of physics, based on the well-known mechanic, thermodynamic, energetic, and 
economical equations.  

A lot of well-known models [5, 6] were used and filled with the real data in order to 
present a clear output. For the simplicity of calculus, this work considers only 12 m long bus-
es. The result will unambiguously show the most profitable bus for public transportation.  

There are similar studies in many countries [3], but the uniqueness of every city im-
poses a separate one. It is important to understand that this work is strongly market-
dependent. All variables are valued according Serbian conditions. The computations are done 
by noted models and the prices are dated on August 11th, 2016. Also, all specific numbers are 
stated for the public transport in Belgrade. 

Proposed financial cost estimation methodology 

The financial costs will be based on the energy prices, the vehicle amortization and 
maintenance, because only those parameters will change with the choice of the vehicle. The 
infrastructural cost will be neglected except for the trolleybus, where it has significant value.  

Internal combustion buses 

The first step is to calculate the fuel consumption for buses using internal combus-
tion engines (IC-buses). The energy flow is shown at the schematics bellow, with major 
energy losses. It is known that the propulsion consists of the engine itself, clutch, and the 
transmission (in this work, the wheels and losses on them will not be considered as they are 
the same for all buses) and all of those parts have some energy efficiencies. The overall ef-
ficiency is:  

 1 2 3 4c c c c cη η η η η=  (1) 

The needed data about buses are found 
from the catalog of engine and bus manufac-
turers, as well as from the exploitation, fig. 1. 
Coefficients ηc1 and ηc2 are both stated for en-
gine efficiencies. Value ηc1 is for the efficiency 

 
Figure 1. The IC-bus, energy losses 
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at full power corresponding from specific fuel consumption given by the manufacturer, and 
ηc2 is the efficiency of the engine at variable load normalized to the full power efficiency [5]. 
Factor ηc2 is calculated numerically from the graph of specific consumption provided by the 
engine manufacturer. 

For diesel bus, the efficiency factors were calculated using the information from en-
gine manufacturers MAN [7] and Cummins [8], for the engines: D0836LOH and 
ISB6.7e4245B. The rest of the data are provided by LiAZ [9], MAZ [10], and BIK for the ve-
hicles: LiAZ 5256, LiAZ 5294, and MAZ 203. Calculated factors are: 
– ηc1 = 0.4 for modern engine at full power, 
– ηc2 = 0.85 for load variability during normal operation,  
– ηc3 = 0.95 for clutch due to heat losses, and  
– ηc4 = 0.9 at gearbox.  

After multiplication of those factors, the value ηc = 0.29 was obtained, as overall ef-
ficiency of diesel propulsion. 

For spark ignition gas engine the calculation is similar, just the efficiency of engine 
is different. According MAN and Cummins for the engines E0836LOH01 and CG8.3E4250, 
it is: 
– ηc1= 0.35 for engine at full power and  
– ηc2= 0.75 for load variability,  

The numbers for clutch and transmission are the same, so the overall efficiency is: 
ηc = 0.22 for natural gas propulsion. 

Basic equation for vehicles energy consumption is [11]: 

 , 80 Wh/kmtχ
η

= =w
t w

p

e m e  (2) 

where ηp is the overall propulsion efficiency and the variable ew is approximated for the road 
speed lower than 50 km/h.  

Knowing average loaded single bus weights of about 16 tones and propulsion effi-
ciency, those buses consume 4.41 and 5.82 kWh/km. In a fuel, it is respectably: 
– 35 kg per 100 km of diesel, or 
– 48 kg per 100 km of natural gas. 

These results will be used further to calculate the exhaust emission. Sometimes, in 
practice, those numbers can differ a bit, depending on the engine model and driving condi-
tions, but average numbers are similar. The actual prices of diesel fuel and compressed natural 
gas (CNG) are $1.55 per kg and $0.67 per kg. Implicated fuel costs of IC-buses are: 
– $54.25 per 100 km for diesel bus, and 
– $32.16 per 100 km for natural gas bus. 

There are also maintenance costs and bus amortization costs. The IC-bus is consid-
ered as quality if maintenance price is not more than 25% of diesel fuel or 45% of CNG 
spends [12]. On the other hand, the bus amortization costs are not so easy to calculate. The 
prices of new Russian buses were used, LiAZ 5256 and LiAZ 52927x (CNG) as they are very 
competitive at our market. Their resource is about 800000 km and initial costs are $140000 
and $180000, so the amortization prices are $17.5 per 100 km and $22.5 per 100 km. Adding 
all the aforesaid, the financial costs of IC-buses are: 
– $85.31 per 100 km for diesel bus, and 
– $69.14 per 100 km for CNG bus. 
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Trolleybus 

Next step is a bit more complicated, as it is time for electric vehicles. Again, the 
start will be – propulsion [11], with energetic part which consists of the switching power sup-
ply, motor and differential, fig. 2. The efficiency coefficients of those parts are visible from 
the schematics. So, the cumulative efficiency of the propulsion is: 

 2 3 4 0.73tp t t tη η η η= =  (3) 

This is a way higher than the in-
ternal combustion engine, but the elec-
trical energy is not the main source of 
energy. It is generated, basically 
(around 70%) from the coal in thermal 
power plants, then transferred by the 
electrical grid to the consumer [13]. 

A rough diagram is presented in 
fig. 3. 

It means that the number calculat-
ed in the eq. (3) is needed to be multi-
plied by the efficiency of coal power 
plant (maximally 0.35), electric grid 
(0.85) with all transformations (0.9), 
and finally rectifying station (0.9, from 

fig. 2), as DC is needed for charging the electric bus or powering trolleybus. Finally, for the 
electric propulsion, the energy efficiency is: 
 1 2 3 1 0.18t tp e e e tη η η η η η= =  (4) 

This is even lower than the overall efficiency of the CNG bus propulsion.  
For the simplification of the exhaust emission calculations, it will be assumed that 

power plant Kolubara burns only lignite [4], with caloric value of about 7 MJ/kg [4, 14]. In 
the case of trolleybus, where there are not any other losses, it is possible to determinate the 
fuel consumption immediately. If its energy needs (on wheels) are also 80 Wh/kmt [11] and 
the efficiency of energy transfer from coal to the wheel is 0.18, then for 16 tones vehicle the 
needed mass of lignite coal is 366 kg per 100 km. This number needs to be lower for the 
amount of the electrical energy produced by hydro-power plants, it is about 30%. Then final-
ly, trolleybus spends 256 kg of lignite coal per 100 km.  

From the previous example, it is somehow visible that the ecological impact of elec-
tric vehicles is higher than those with internal combustion engine, mainly because of the way 
of producing the electrical energy in Serbia. Returning to the financial calculus is necessary. 
For that, what happens from the power plant to the rectifying substation is unimportant, as the 
public transporter is directly paying only for the delivered energy per known price 
($0.06/kWh) [15]. The energy needs for trolleybus from contact grid are 80 Wh/kmt, as it is 
already mentioned. This number should be multiplied by vehicle mass and then divided by 
propulsion efficiency and the efficiency of the rectifying stations: 

 
1

80 Wh/kmt 16 1.95 kWh/km
0.73 0.9

χ
η η

⋅
= = =

⋅
w t

t
tp t

e m t  (5) 

 
Figure 2. Trolleybus, energy losses 

 
Figure 3. Thermal power plant, energy losses 
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That is 195 kWh per 100 km, transferred into money, it comes to $11.7 per 100 km. 
Apart from this favorable number, we need to know the maintenance cost, which is $25 per 
100 km according to the Trolley project [3] and the trolleybus amortization price. The price of 
a new vehicle is about $200000 (BKM 321) [16] and its resource is about 20 years or 
1600000 km, means that the amortization cost is $12.5 per 100 km. The total financial cost of 
trolleybus, without its infrastructure is: $49.2 per 100 km. 

Infrastructural cost 

Infrastructure for trolleybus is a capital investment, basically the one in 30 years and 
the cost of its maintenance varies very little regarding usage. It implicates that this cost is 
fixed, so it can not be normalized by the traveling distance of trolleybus. In general, the infra-
structural cost will be lower as it is exploited more. In order to compare it with the costs of the 
other buses, the model which implies the traffic frequency of trolleybuses is needed. In that 
case, it will be possible to say which number of departures the trolleybus will be more optimal 
for, than a bus or vice versa. That model is complex and it was a part of Trolley Project [17]. 
It calculates the risk of the infrastructural investment through the net present value (NPV). 
The model is done for the town of Lublin, Poland, but with small changes of parameters it is 
also usable for Belgrade. It consists of 3 sets of input parameters: the general, the environ-
mental, and the financial. The general parameters will be: 
– the average speed of 16 km/h, 
– the number of nominal workdays per year (when the grid will be under the full load) is 

295, 
– the number of working hours per day is 16, 
– the share of rides in peak hours is 10%, and 
– the discount rates will be: 5% for financial and 8% for economic present value. 

Environmental parameters will be inserted later. 
Concerning financial data about infrastructure, the costs will be assumed as it was 

not possible to obtain real data from GSP Beograd (Belgrade Public Transport Company). For 
that assumption, the prices for the town of Lublin [17] as the costs of raw materials and labor 
are very similar to those in Belgrade: 
– the new overhead wires, for both direction of the road costs about $350000 per kilometer, 
– the rectifying substation is about $320000, 
– the number of substations needed per kilometer is 0.29, 
– the yearly network maintenance costs about $10000 per kilometer, and 
– the network residual value after 30 years is 35%. 

The pure financial cost of infrastructure, normalized per kilometer and one year is 
about $20000. 

As you can see, these costs are fixed and large. That's why trolleybuses demand 
large number of departures in order to be profitable. It is hard to say how many, but after the 
most optimal bus is found, the relative break-point where trolleybus is cheaper will be calcu-
lated.  

Electric buses 

The coal consumption of electric buses (e-buses) with energy accumulators will be 
higher for sure, as there are more losses in the system (it will be explained) then in the case of 
trolleybus [11]. Therefore, the focus with e-buses will be on their financial costs and only if 
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one beats the IC-buses by these crite-
ria that will be pulled through com-
plete economic calculation, fig. 4. 

Battery bus 

Firstly, will be examined the e-
bus with electrochemical accumula-
tor. Today, there are many choices of 
batteries and our choice will be 
LiFePO4. It is reliable, and the specif-
ic cost of accumulated energy is the 
lowest regarding the initial costs, the 
capacity and the number of working 
cycles. The basic characteristics of 
those accumulators are [16]: 
– nominal voltage: 3.2 V, 
– energy density: 80-100 Wh/kg, 

– maximal continuous discharge current: 3 × Cn, where Cn is nominal capacity, 
– maximal peak discharge current: 10 × Cn, 
– life, up to 5000 cycles at nominal conditions,  
– capacity efficiency at the end of life: ηal = 0.8, 
– working temperature: –25-40 °C, capacity strongly dependent from it, 
– capacity factor at –25 °C, ηat = 0.85, 
– charging efficiency, ηa1 = 0.8,  
– discharging efficiency, ηad = 0.9, and 
– price, around $0.3 per working hour [17]. 

For optimal dimensioning of the battery, the bus exploitation characteristics are 
needed. Let us make a few assumptions for our imaginary bus: 
– the battery capacity should fulfill daily autonomy of at least 180 km, 
– the annual passed distance is minimum 60000 km per bus, 
– the bus life should be at least 10 years, so as battery life, 
– the lowest working temperature will not go below –25 °C, 
– the mass of the average loaded bus without battery should be 16 tones, 
– the nominal motor power of 150 kW, regardless the type, 
– the nominal voltage of the engine is 700 V, and 
– the energy consumption of power train (from the data for trolleybus) is 1.74 kWh/km. 

After including information from accumulator producer [16], there are enough data 
to design the battery and find out its cost. That was done numerically by a few iterations. 
Simplified steps would be the following: 
(1) The calculation of battery discharge efficiency for the worst working conditions, which 

are:  
– the old battery with 5000 cycles behind (capacity efficiency is 0.8), and 
– the winter condition, outside temperature is –25 °C (capacity efficiency is 0.85). 

When those two coefficients are multiplied with the battery discharge efficiency, 
then the overall accumulator efficiency, regarding available capacity is ηa2 = 0.612. 
(2) Determination of the battery capacity regarding the bus power train energy consumption 

and desired autonomy. Including upper efficiency coefficient, but disregarding battery 

 
Figure 4. E-bus, energy losses; where ηad is the discharge 
efficiency, ηal – the capacity degradation at the end of life, 
and ηat – the capacity loss at low temperature (–25 °C) 
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mass. The result will be 512 kWh, with the mass of maximally 4.5 tones. This will en-
large the bus energy consumption linearly for 1.28 times. Now, for higher consumption, 
this step has to be done iteratively a few times. The final result is 650 kWh, with mass in-
crease of about 5.8 tones. Effective capacity is not less than 400 kWh and it is available 
for daily travel. 

(3) This step is for calculation of battery amortization. Simply find the battery price of about 
$195000. Then, according its lifetime of about 13.7 years and daily average travel of 
160 km, found from daily autonomy according nominal workdays [3], the battery amorti-
zation price is about $24 per 100 km. 

The upper cost is only the price of the battery, without the energy transfer through it. 
The charging costs for filling up the 400 kWh of effective capacity, normalized to electric 
grid are higher for energy losses at charger and battery: 

 
1 1

400 kWh 617 kWh
0.8 0.9 0.9η η η

= = =
⋅ ⋅

e
C

a ad t

Q
Q  (6) 

It comes that daily charged energy to the bus is 617 kWh. From daily travel  
of 180 km, the energy spend per 100 km is 343 kWh. For the electricity price of about  
$0.06 per kWh, the energy cost is $20,6 per 100 km. Including the battery amortization cost, 
the cumulative fuel-equivalent price for the battery e-bus is $44.6 per 100 km. This is the cost 
which is comparative to the fuel costs of IC engine buses. 

The maintenance cost is the same as for trolleybus ($25 per 100 km) with additional 
5% for regular battery inspections, but the amortization is much higher. This is due to higher 
mass of the vehicle which leads to the faster body fatigue. It will be assumed that the bus 
price without the battery is around the trolleybus price, close to $200000 (BKM 321) [18] and 
the resource is in the range of battery (say 1000000 km), then the amortization of the vehicle 
is $20 per 100 km. 

Total financial cost of LiFePO4 battery powered e-bus is $90.85 per 100 km includ-
ing the battery and vehicle amortization, the electricity cost and the maintenance. Obviously, 
this price is even higher than for diesel bus. 

Electro-capacitive bus 

Ultra-capacitors, especially those developed by Maxwell, have recently become very 
popular as an alternative to electrochemical accumulators, basically as a power support in hy-
brid electric vehicles. The world's biggest production facilities for those capacitors are in 
Shanghai (Maxwell, Aowei), so it is not a surprise why electro-capacitive (EC) buses are so 
popular in China. Those buses use only ultra-capacitors as energy storage and fill it at both, or 
one terminal point. Also in last decade, many new Chinese producers appear offering low-
cost, but short life-cycle capacitors. The most popular is Aowei [19], whose products are in 
use in Hong Kong public buses. As its price is optimal regarding capacity and working life, 
we will use it in our imaginary bus.  

Ultra-capacitors are relatively new technology, regarding their intensive use in 
transport. It means that only the theory of electrostatic accumulators [20, 21] and the produc-
ers' data [19] can be used as a source of information for this work. Schematic demonstration 
of EC-bus also corresponds to the fig. 4. 

Basic characteristics of ultra-capacitors are following [19, 22]: 
– energy density: 5.5 Wh/kg, for useful energy, 
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– power density: 120 W/kg, 
– operating temperature: from –20-65 °C, ηat = 1, 
– working life 10 years, regarding electrolyte loss at temperature of 25 °C, 
– cycle life over 50000 cycles, 
– shelf life 4 years at 25 °C, 
– capacity loss at the end of life: 20% of initial value, ηal = 0.8, 
– charge/discharge efficiency factor, ηad = ηa1 = 0.9, and 
– price, $12/Wh of useful energy. 

This is electrostatic energy accumulator, not electrochemical. In general that means 
that voltage strongly depends on the state of charge, which is not optimal for traction usage. 
In order to have desired autonomy for a vehicle, the capacity must be over-dimensioned. 

The imaginary EC-bus will have following characteristics: 
– capacitor capacity should fulfill the distance between terminal stations, say 8 km, 
– number of working hours per day: 16,  
– annual passed distance is minimum 80000 km per bus, 
– bus life should be at least 10 years, so as capacitor life, 
– the lowest working temperature will not go below –25 °C, 
– mass of the average loaded bus without capacitor should be 16 tones, 
– motor nominal power of 160 kW, regardless type, 
– nominal voltage of the engine is 700 V, maximal 750 V, minimal useful is 435 V, and 
– the energy consumption of power train (from the data for trolleybus) is 1.74 kWh/km, for 

16 tones. 
The next question is how to choose the capacitor. For this purpose, the basic equa-

tion for the energy accumulated in capacitor was used: 

 
2

2
C UE =  (7) 

where C is the capacity, and U – the voltage. 
Regarding capacitor basics, where voltage drops linearly with the state of discharge 

and knowing that final discharge voltage is not 0, as minimal useful voltage for powering the 
motor is needed, it is clear that the capacity over-dimensioning is necessary. Luckily, the pro-
ducers of ultra-capacitors already are selling their products by useful accumulated energy, 
where the discharge voltage is 60% of nominal [26]. If needed energy capacity is 13.9 kWh, 
the capacitor with this useful energy is needed to be bought, divided by ageing factor  
(ηal = 0.8) and discharge efficiency factor (ηad = 0.9). That is 19.3 kWh, with the mass of 3.5 
tones. This mass increment will linearly increase the energy consumption, the same like with 
LiFePO4 battery, so we need the iterations again. Final useful energy capacity of the ultra-
capacitor is 25 kWh, with the mass of 4.5 tones. 

The procedure for financial cost calculation is the same as for electrochemical bat-
tery. From the previous data, the overall price of the capacitor is $300000. For the given 
number of cycles it is $6 per cycle. It gives the price of $0.75 per km, or $75 per 100 km and 
the working life of about 7 years. 

The consumed energy from the electric grid is lower than for the electrochemical ac-
cumulator, as the losses of the capacitor are lower. Calculation is analogue as for the battery. 
It will be the energy consumption of the vehicle with included mass of the capacitor, enlarge 
for the losses of the charger (10%) and the capacitor itself (10% for charging and 10% for dis-
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charging). Finally, the consumed electrical energy from the grid is 306 kWh per 100 km, with 
the price of $18.4 per 100 km. Maintenance cost are the same as for battery bus, about $26.3 
per 100 km as well as the vehicle amortization cost of $20 per 100 km. The total financial cost 
of electric bus with ultra-capacitive accumulator is $139.7 per 100 km. 

Keep in mind that the infrastructural cost was not included, which exists as high 
power charging stations are needed at each bus terminal stations. But, in the ratio with all oth-
er costs, it could be neglected.  

The summary of financial costs 

The next step is to see financial costs of the entire buses one more time, then to find 
the most optimal one and compare it with the trolleybus including infrastructural cost. That is 
easier from tab. 1. 

Table 1. Summary of financial costs 

* Infrastructural cost is not included. 

As you see, the CNG bus is the cheapest bus after trolleybus. It is the best candidate 
for analysis by the following comparative model with trolleybus including its infrastructure. 
After that, the number of departures (or flow frequency) of vehicles will be known, where one 
vehicle will be more optimal then the other.  

It is time to continue the story from the upper paragraph about trolleybus infrastruc-
tural cost. The mentioned model [23] is discrete, it divides fixed infrastructural cost with the 
number of departures and calculates 
characteristic break point. As infrastruc-
ture is a 30-years investment, it is neces-
sary to include the price changes as well 
as other uncertainties. The commonly 
used model is the calculation of NPV, 
which is implemented here. The NPV is 
presented for annual period of time, for 
1 km in both traveling directions and 
given number of departures.  

As seen in fig. 5, the break point is 
at 165 departures per day, for 16 hours 
of exploitation, it is 6 minutes average 
interval. That is real in a city center, but 
keeps in mind that this is only financial 
cost. 

Economic model 

Economic costs in this work will be presented as financial costs of vehicles with 
their environmental costs, where the pollution by noise and exhaust gases will be observed. 
The noise is easy to estimate and it will be done according Trolley project [3, 23], but the air 
pollution is not such an easy task. 

Bus Diesel bus CNG bus E-bus, battery EC-bus Trolleybus* 

Financial cost 85.31 $/100 km 69.14 $/100 km 90.85 $/100 km 139.7 $/100 km 49.2 $/100 km 

 
Figure 5. Trolleybus vs. CNG bus – financial  
feasibility (F) 
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Exhaust emission 

The exhaust emission of the combustion engines is a known fact and it can be easily 
calculated for a bus per a passed kilometer. In order to transfer it into real cost and make it 
addable to the numbers above, EC Directive 33/2009 [24] and the work of Mayeres, et al. [25] 
were used as a worldwide adopted tool. 

For CNG powered buses, the data from the Vinča Institute of Nuclear Sciences, 
Belgrade, were used, from the Center for Engines and Vehicles. They initiated the measure-
ment of bus emission performance under the real driving conditions [1]. The representative 
data for diesel buses shown in the study of Mišanović [26] were used, as well as in the study 
about trolleybus efficiency [23] from Trolley Project. 

The coal power plant exhaust is much harder to calculate. As real data was not ob-
tainable, the authors used several mathematical models and presented the average results. The 
representative fuel was found to be Kolubara lignite, as about 55-60% of all electrical energy 
in Serbia comes from it [14]. The coal characteristics [4, 14] are put into models explained in 
forward books by Mooney [27], Djurić et al. [14], as well as into two similar models provided 
be MAERS [28] and CIAB [13].  

The analysis of energy efficiency from coal to the rectifying station, i. e. from coal 
to the electro-meter will be repeated, given in the paragraph about trolleybus financial cost. In 
ideal electro-powering system there are further top efficiencies, fig. 3: 
– of the thermal power plant: ηe1 = 0.35, including alternator, 
– of the electric grid: ηe2 = 0.85, and 
– of the transformations: ηe3 = 0.9. 

This is a simplified calculation where all similar-origin losses are collected under 
one factor. The overall efficiency is 0.27 and it will be used for e-bus exhaust emission. The 
caloric value of the used lignite fuel is about 7 MJ/kg (1.94 kWh/kg). Also, the share of the 
energy produce by hydro-power plant is about 30%. It means that for each 0.75 kWh of the 
paid electricity 1 kg of coal is burnt. 

However, it is idealized and goes in the favor of electric transport which has other 
high costs, so in the interest of promoting clean city center, we decided to use these data. The 
computed results are presented in tabs 2-5. 

Table 2. Repetition of fuel consumption for all buses 

Table 3. Exhaust emission (in g/km for one vehicle) 

* PM – particulate matter emission is theoretical for noted lignite coal, without concerning filters or any other treatment. 

Bus type IC-bus IC-bus E-bus, battery EC-bus Trolleybus 

Fuel Diesel CNG Lignite Lignite Lignite 

Consumption 35 kg/100 km 48 kg/100 km 457 kg/100 km 407 kg/100 km 256 kg/100 km 

Emission CO HC NOx PM* CO2 

IC-diesel 0.04 0.15 3.40 0.04 1140 

IC-CNG 0.30 0.20 1.45 0.00 1300 

E-bus, battery 0.36 0.18 3.86 0.88 2399 

EC-bus 0.32 0.16 3.44 0.78 2140 

Trolleybus 0.20 0.10 2.16 0.49 1344 
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Table 4. Cost of the emission (EC Directive 33/2009 [24] and Mayeres et al. [25]) 

Table 5. Applied environmental emission costs, per vehicle  

Pollution by noise 

The noise cost is estimated in Trolley Project [3, 23]: 
– $0.062 per km for bus with internal combustion engine, and 
– $0.012 per km for electric bus, including trolleybus. 

Total economic costs 

After addition of environmental costs to the financial costs, the final price of the an-
alyzed buses is shown in tab. 6. 

Table 6. Total economic cost [$/100 km] 

* Infrastructural cost is not included 

The infrastructural costs are added 
on the same way as at the end of our fi-
nancial analysis. The final result of com-
parative economic efficiency between 
the CNG bus and the trolleybus is pre-
sented in fig. 6. Now the real picture is 
shown, where the break number of de-
partures is 230, giving the average time 
interval, only 4.2 minutes between the 
departures. This is hardly needed in Bel-
grade, but it is up to the Directorate for 
Public Transport to decide. One should 
keep in mind that used economical dis-
count rates in our model are assumed as 
those in similar countries and for more precise data these should be adequately determined. 

Conclusions 

In the case of Belgrade, the natural gas powered bus is the most cost effective 
transport, regarding all road vehicles. The total price for exploitation of such bus is $87 per 

Emission CO HC NOx PM CO2 

Cost, $/kg 0.01 1.04 4.58 92.9 0.09 

Bus type Diesel bus CNG bus E-bus, battery EC-bus Trolleybus 

Cost, $/km 0.123 0.118 0.316 0.280 0.177 

Bus Diesel bus CNG bus E-bus, battery EC-bus Trolleybus* 

Financial cost 85.31 69.14 90.85 139.7 49.2 

Environment cost 12.3 11.8 31.6 28 17.7 

Noise cost 6.2 6.2 1.2 1.2 1.2 

Total 103.81 87.14 123.65 168.9 68.1 

 
Figure 6. Trolleybus vs. CNG bus – economic  
feasibility (E) 
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100 km, including direct and indirect costs. That is about two times lower than the exploita-
tion cost of e-bus powered by ultra-capacitor. The environmental costs of both electric buses 
are also about two times higher than the costs of vehicles powered by IC engine (according to 
the EC Directive 33/2009 [24] and Mayeres et al. [25]). Even diesel buses are more 
eco-friendly than the electric vehicles powered, mainly by coal power plant. That is not the 
reason to prevent the development of electrical transport. It is only the reason for more careful 
approach to its design and optimization. For example, the trolley lines should be redesigned in 
order to have certain number of departures for the case of economic feasibility. According to 
this paper, it will be around 230 departures per day.  

The conclusion of the paper is that the CNG buses and the trolleybuses should be 
looked again as the transport alternatives in city center. Also, Serbian professional community 
should think again about their choices. The electrical buses with energy accumulators in our 
conditions do not have the economic sense, at this moment. It means that periodical, prelimi-
nary feasibility studies are needed to be taken in order to remove any potential doubts. 

Nomenclature 
C – capacity of a capacitor, [F] 
Cn – nominal current capacity of an energy 

accumulator, [As] 
E – accumulated energy at a capacitor, [Ws] 
ew – specific energy consumption of a road 

vehicle, [Wsm–1kg–1] 
m – mass of a vehicle, [kg] 
mt – mass of an electric vehicle, without energy 

accumulator, [kg] 
Qc – charged energy from the electric grid to the 

energy accumulator, [Ws] 
Qe – energy capacity of an energy accumulator, 

[Ws] 
U – voltage, [V] 
Greek symbols 

ηa1 – energy efficiency of an accumulator at the 
process of charging 

ηa2 – overall capacity efficiency of an 
accumulator at the discharge process 

ηad – energy efficiency of an accumulator at the 
discharge process  

ηal – capacity efficiency of an accumulator at the 
nominal end of life 

ηat – capacity efficiency of an accumulator at the 
low temperature (–25 ºC) 

ηc – overall energy efficiency of internal 
combustion propulsion  

ηc1 – energy efficiency of an internal combustion 
engine at full power 

ηc2 – energy efficiency of an engine at variable 
load, normalized to the full power 
efficiency 

ηc3 – clutch energy efficiency, applicable for 
internal combustion propulsion 

ηc4 – energy efficiency of a gearbox, applicable 
for internal combustion propulsion 

ηe1 – power plant energy efficiency  
ηe2 – energy efficiency of the electric grid 
ηe3 – cumulative energy efficiency of all electric 

transformations 
ηp – propulsion energy efficiency  
ηt – cumulative energy efficiency of electric 

propulsion 
ηt1 – energy efficiency of the rectifying station or 

the charger 
ηt2 – energy efficiency of a switching power 

supply unit for vehicle traction motor 
ηt3 – energy efficiency of vehicle traction motor 
ηt4 – energy efficiency of a transmission, 

applicable for electric vehicle propulsion 
ηtp – cumulative energy efficiency of electric 

propulsion, normalized to the electric grid 
χt – energy consumption of a road vehicle, 

[Wsm–1]

References 
[1] Zivanovic, Z., et al., Natural Gas Buses in Serbia Public Transport – Some Operational Experiences, 

FME Transactions, 43, (2015), 2, pp. 89-98 
[2] ***, GSP Belgrade, News: September 2016., http://www.gsp.rs/novosti.aspx#P3 
[3] ***, Central European Programme, Trolley Project, WP4 Publication: Take-up Guide for the Replace-

ment of Urban Diesel Buses by Trolleybuses, 2013 
[4] Bogner, M., Termotehnicar, Interklima-Grafika, Vrnjačka Banja, SMEITS, Beograd, Serbia, 2004 



Jovanović, S. S., et al.: Theoretical Analysis of the Cumulative Costs of … 
THERMAL SCIENCE, Year 2017, Vol. 21, No. 1B, pp. 669-681 681 

[5] Baglione, M. L., Development of System Analysis Methodologies and Tools for Modeling and Optimiz-
ing Vehicle System Efficiency, Ph. D. thesis, University of Michigan, Ann Arbor, Mich., USA, 2007 

[6] Gregory, B., Ultracapacitor Sizing and Packaging for Cost Effective, Rev. 0.1, IOXUS, Inc., New York, 
USA, 2013 

[7] ***, MAN Product Cataloge: MAN Engines for Buses and Special Vehicles, Section: Euro 3 Diesel En-
gines for Busses, part: 176-206kW, 2014 

[8] ***, Cummins, On-Line Catalogue: Cummins Engines for Urban Bus & Shuttle, 2015, 
https://cumminsengines.com/showcase-item.aspx?id=98&title=ISB6.7+for+Euro+Truck+%26+Bus# 
brochures 

[9] ***, LiAZ 5256, On-Line Datasheet, 2016., http://bus.ru/index.php/en/modelnyj-ryad/large-class/558-
liaz-5256 

[10] ***, MAZ 203, On-Line Datasheet, 2016., http://maz.by/ru/products/passenger_vehicle/384/ 
[11] Vukosavić, S. N., Electric Engines (in Serbian), Akademska Misao, Belgrade, 2010  
[12] ***, John A. Volpe National Transportation System Center: Bus Lifecycle Cost Model User's Guide, 

2011, http://ntl.bts.gov/lib/44000/44200/44244/Bus_Lifecycle_Cost_Model_User_s_Guide.pdf 
[13] ***, Coal Industry Advisory Board, International Energy Agency, Power Generation from Coal – Meas-

uring and Reporting Efficiency Performance and CO2 Emissions, Paris, 2010 
[14] Djurić, V., et al., Steam Boilers (in Serbian), Građevinska Knjiga, Belgrade, 1969 
[15] ***, http://www.edcentar.com/cena/cena.php  
[16] ***, Winston Batteries, On-Line Catalogue, http://en.winston-battery.com/index.php/products/power-

battery/category/lyp-battery 
[17] ***, GWL Power Ltd. Praga, Price List, https://www.ev-power.eu/Winston-40Ah-200Ah/ 
[18] ***, Chernigovskij Avtozavod, ZAO, On-Line Product Catalogue, http://49768.ua.all.biz/en/goods 
[19] ***, Aowei, On-Line Product Catalogue, UCE15V80000A, http://www.aowei.com/en/product_view. 

php?typeid=58&id=1 
[20] Chu, A., et al., Supercapacitors and Batteries for Hybrid Electric Vehicle Applications: A Primer, Pro-

ceedings, 2002 Global PowerTrain Congress, Advanced Propulsion Systems, Ann Arbor, Mich., USA, 
2002, pp. 124-136 

[21] Endo, M., et al., High Power Electric Double Layer Capacitor (EDLC’s): from Operating Principle to 
Pore Size Control in Advanced Activated Carborns, Carbon Science, 1 (2001), 3-4, pp. 117-128 

[22] Miller, J. M., Propulsion Systems for Hybrid Vehicles, The Institution of Engineering and Technology, 
London, 2010 

[23] ***, Central European Programme, Trolley Project, WP4 Publication: Trolley Transportation Mode Ef-
ficiency Analysis, 2012, Lublin, Poland 

[24] ***, Directive 2009/33/EC of the European Parliament and of the Council on the Promotion of Clean 
and Energy-Efficient Road Transport Vehicles, 2009 

[25] Mayeres, I., et al., The Marginal External Costs of Urban Transport, Kath. Univ., Centrum voor Econ-
omische Studien, Leuven, Belgium, 1996 

[26] Mišanović, S., Exploitation and Environmentally Aspects of Hybrid Buses in European Cities, Proceed-
ings, MVM Congess 2012, Kragujevac, Serbia, 2012, MVM2012-068  

[27] Mooney, D. A., Mechanical Engineering Thermodynamics, Prentice-Hall Inc, Englewood Cliffs, N. J., 
USA, 1953 

[28] ***, Calculating Air Emissions for the Michigan Air Emissions Reporting System (MAERS), Clean Air 
Assistance Program, Environmental Science and Services Division, Michigan Department of Environ-
mental Quality, Lansing, Mich., USA, 2004, http://cdm16110.contentdm.oclc.org/cdm/singleitem/ collec-
tion/p9006coll4/id/115611/rec/1 

 
 
 
 
 

Paper submitted: October 13, 2016 © 2017 Society of Thermal Engineers of Serbia.  
Paper revised: November 6, 2016 Published by the Vinča Institute of Nuclear Sciences, Belgrade, Serbia. 
Paper accepted: November 20, 2016 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.  

http://www.vin.bg.ac.rs/index.php/en/


 


	24 ThSci2016.324.pdf
	prazna strana


<<
  /ASCII85EncodePages false
  /AllowPSXObjects false
  /AllowTransparency false
  /AlwaysEmbed [
    true
  ]
  /AntiAliasColorImages false
  /AntiAliasGrayImages false
  /AntiAliasMonoImages false
  /AutoFilterColorImages true
  /AutoFilterGrayImages true
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /ColorACSImageDict <<
    /HSamples [
      1
      1
      1
      1
    ]
    /QFactor 0.15000
    /VSamples [
      1
      1
      1
      1
    ]
  >>
  /ColorConversionStrategy /LeaveColorUnchanged
  /ColorImageAutoFilterStrategy /JPEG
  /ColorImageDepth -1
  /ColorImageDict <<
    /HSamples [
      1
      1
      1
      1
    ]
    /QFactor 0.15000
    /VSamples [
      1
      1
      1
      1
    ]
  >>
  /ColorImageDownsampleThreshold 1.50000
  /ColorImageDownsampleType /Bicubic
  /ColorImageFilter /DCTEncode
  /ColorImageMinDownsampleDepth 1
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /ColorImageResolution 300
  /ColorSettingsFile ()
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /CreateJDFFile false
  /CreateJobTicket false
  /CropColorImages false
  /CropGrayImages false
  /CropMonoImages false
  /DSCReportingLevel 0
  /DefaultRenderingIntent /Default
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
  >>
  /DetectBlends true
  /DetectCurves 0.10000
  /DoThumbnails false
  /DownsampleColorImages false
  /DownsampleGrayImages false
  /DownsampleMonoImages false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /EmbedOpenType false
  /EmitDSCWarnings false
  /EncodeColorImages true
  /EncodeGrayImages true
  /EncodeMonoImages true
  /EndPage -1
  /GrayACSImageDict <<
    /HSamples [
      1
      1
      1
      1
    ]
    /QFactor 0.15000
    /VSamples [
      1
      1
      1
      1
    ]
  >>
  /GrayImageAutoFilterStrategy /JPEG
  /GrayImageDepth -1
  /GrayImageDict <<
    /HSamples [
      1
      1
      1
      1
    ]
    /QFactor 0.15000
    /VSamples [
      1
      1
      1
      1
    ]
  >>
  /GrayImageDownsampleThreshold 1.50000
  /GrayImageDownsampleType /Bicubic
  /GrayImageFilter /DCTEncode
  /GrayImageMinDownsampleDepth 2
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /GrayImageResolution 300
  /ImageMemory 1048576
  /JPEG2000ColorACSImageDict <<
    /Quality 30
    /TileHeight 256
    /TileWidth 256
  >>
  /JPEG2000ColorImageDict <<
    /Quality 30
    /TileHeight 256
    /TileWidth 256
  >>
  /JPEG2000GrayACSImageDict <<
    /Quality 30
    /TileHeight 256
    /TileWidth 256
  >>
  /JPEG2000GrayImageDict <<
    /Quality 30
    /TileHeight 256
    /TileWidth 256
  >>
  /LockDistillerParams false
  /MaxSubsetPct 100
  /MonoImageDepth -1
  /MonoImageDict <<
    /K -1
  >>
  /MonoImageDownsampleThreshold 1.50000
  /MonoImageDownsampleType /Bicubic
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /MonoImageResolution 1200
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /NeverEmbed [
    true
  ]
  /OPM 1
  /Optimize true
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.25000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXBleedBoxToTrimBoxOffset [
    0
    0
    0
    0
  ]
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXOutputCondition ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputIntentProfile (None)
  /PDFXRegistryName ()
  /PDFXSetBleedBoxToMediaBox true
  /PDFXTrapped /False
  /PDFXTrimBoxToMediaBoxOffset [
    0
    0
    0
    0
  ]
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /ParseICCProfilesInComments true
  /PassThroughJPEGImages true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /sRGBProfile (sRGB IEC61966-2.1)
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2159.000 2794.000]
>> setpagedevice


