
IEEE LATIN AMERICA TRANSACTIONS, VOL. 20, NO. 8, AUGUST 2022         2087 

 

Abstract—This paper describes the establishment of a 

methodology aimed at planning the electrification of public urban 

bus fleets in order to characterize the operational requirements of 

the battery recharge process. Specifically, it deals with obtaining the 

behavior of demand and the necessary electrical energy for battery 

recharging. The effects on the electrical system peak and the 

resulting environmental benefits are also evaluated by comparing 

with current internal combustion fleets. An innovative method is 

applied to a fleet in the city of Rio de Janeiro. The motivation for 

this work is due to the characteristics of the Brazilian energy mix 

that is highly favorable to the electrification of urban transport with 

greater energy efficiency, with a view to reducing the impacts of 

internal combustion drive and the respective atmospheric emissions 

that are harmful to the environment. Also, this work offers the steps 

to establish essential elements, as daily, month and year energy 

consumption in order to recharge an electric bus fleet and data for 

the transportation bus company contracts an electric power 

distribution utility in Brazil. In spite conservative premises were 

considered, the calculations show electric bus option attractive. The 

operational energy consumption of diesel bus fleet is 19.10 MJ/km 

more than three times the consumption of electric bus fleet, this is 

6.10 MJ/km. Additionally, 153 ton of fossil CO2 atmospheric 

monthly emissions are avoided. The results obtained indicate the 

need for public policies in favor of electric power and the 

environmental benefits of adopting electric buses. 

 
Index Terms—Electric vehicles, Energy Efficiency, Load 

management, Public Transportation. 

I. INTRODUCTION 

 he report issued by Company of Energy Research from 

Brazil indicates that the transport sector in Brazil was the 

one that consumed the most energy and was responsible for 

33% of the total energy consumption in the country [1]. This 

report indicates that 93% of this consumption is attributed to the 

road modal [1]. Most of it refers to oil byproducts, particularly 

diesel and gasoline, some 59.5%. Only 0.4% or electrical power 

consumption is geared for this sector [1]. 

Some 48% of greenhouse gas emissions associated with 

Brazilian energy consumption derive from the transport sector, 

while the world average is 24% [2]. On the other hand, 

emissions of pollutants corresponding to electrical power 

generation in Brazil revolve around 13%, while the world 

average revolves around 42%, considering the prevailing use of 

hydroelectric power in the country [2]. 

In comparing energy consumption/km and public road 

vehicle occupancy/passenger, public transport provided by  
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electrical buses presents greater energy efficiency as well as 

urban mobility benefits [3]. 

Similar actions are observed in South America, in Chile’s 

national capital of Santiago, with an electric bus fleet of 6.0% 

of the city’s entire bus fleet. Their goal is achieved total 

electrification by 2040 [4]. In China’s Shenzhen, the local 

government has determined public bus fleet electrification of 

16,000 units distributed across three different concessionaires 

[4]. The market boasts 513,000 electric buses all over the world 

in 2019, with an indicated 17% growth over 2018. In Europe, 

there are approximately 4,500 electric buses in operation while 

in the USA there are 2,255, including 500 new registers in 2019 

alone [4]. South America has a great market growth potential in 

this segment. In 2019, a 350% increase was observed in 

registrations of conventional battery run buses over the 

previous year, led by the city of Santiago [4]. Latin America 

now has 1,962 electric buses registered, 962 of which are the 

conventional battery run model (12-15m). 

Looking at the energy flow from the fuel tank to the internal 

combustion vehicle (ICV) wheels, in a so-called tank-to-wheel 

analysis, low energy efficiency is observed. The battery-to-

wheel flow in electric vehicles (EV) is much smaller than in 

ICVs: approximately 1/3 [5]. These arguments have inspired 

this new methodology establishes the parameters for 

contracting the supply for recharging the electric buses on a 

daily, monthly and annual basis.  

II. PROBLEM STATEMENT 

Considering the herein proposal to establish a methodology 

for bus fleet electrification plans in the context of Brazil’s urban 

centers, this model was applied to a real fleet in Rio de Janeiro. 

The choice was made because of the world renown tourist 

nature of the city, which boasts a 7,564 internal combustion bus 

fleet [6]. In 2019, an estimated 688,000 tons of greenhouse 

gases were emitted by this fleet alone [7][8].  

The chosen fleet comprises 16 units and serves Line 100, 

Troncal 01, which cuts across the city via Aterro do Flamengo. 

Round trips include the starting point at Platform C2 of 

Procópio Ferreira Bus Terminal, in the vicinity of the Central 

do Brasil Railroad Station, and the point of arrival at the 

General Osório Square on the Ipanema Street called Visconde 

de Pirajá, and connects the downtown area to the high-end 

southern part of the city that presents many tourist attractions. 

The methodology and model developed for this study include 

an analysis of this bus fleet operation and the behavior of the 

electric grid in relation to vehicle recharge in the terminals 

involved as well as the garage, in addition to an evaluation of 
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demand, energy and annual operation costs—including 

emissions avoided. 

III. INITIAL CONSIDERATIONS 

 Transport concession related data referring to number of 

passengers and trips, operational fleet, travel distance and 

others have not been made totally available to the public. 

Therefore, this study required securing those data from the 

documentation gathered by a Parliamentary Committee of 

Investigation (CPI) established by Rio de Janeiro’s city council 

in 2017 to examine the details of the public transport operation 

[9]. The number of passengers using Line 100 and the number 

of trips were extracted from the Daily Operation Reports (DOR) 

requested by the CPI. This study adopted the data related to 

working days in 2016. Concerning weekends and holidays and 

according to the DOR, this bus line was assumed to make 

65.8% of the working day trips in a 22-working day month with 

8 weekends days [10]. 

According to a transport application called MOOVIT 

(https://moovitapp.com/) accessed from smartphones, Line 100 

covers a 15.49 km distance going from Central do Brasil to 

General Osório (C-G) in 60 minutes and 14.91 km going from 

General Osório to Central do Brasil (G-C) in 27 minutes, 

totaling 30.4 km travelled in an average of 87 minutes between 

each departure and arrival [11]. This study considered an 

average of 30 minutes G-C and 60 minutes C-G. 

No access was obtained to official data concerning the 

number of buses as well as departure and arrival times for this 

line. However, according to the MOOVIT app, buses linger 15 

minutes from one departure to another on working days 

between 4:50am and 7:30am and between 7:30pm and 11:50pm 

in both terminals. Between 7:30am and 7:30pm, another line is 

added at 15-minute departure intervals [11]. 

These assumptions allowed for the necessary adaptations to 

reach the number of buses for fleet operation. The number of 

buses leaving the terminal was assumed to be the same as the 

number of vehicles covering the return route back to the 

terminal. An operational fleet of 16 buses as therefore 

established to serve Line 100.  

IV. METHODOLOGY AND DATA 

The process of establishing energy consumption rates for 

each vehicle as a function of the travel distance is presented in 

the flowchart contained in Fig. 1. 

This item IV contains a description of the different steps in 

Fig. 1, indicating that parameter calculations are presented in 

parts A through D.  

The first step (item 1.1 and 1.2 of Fig. 1) establishes the 

average daily number of passengers using this transport system 

as well as passenger distribution across the day (hourly 

distribution) and their travel direction. A working day 

passenger average was calculated and passenger distribution 

was determined per time of day and travel direction (see details 

in Item A). 

The second step (item 2.1 to 2.5 of Fig. 1) looks at estimating 

the number of passengers who will be simultaneously in a 

vehicle during each trip, because the energy consumed by 

ancillary equipment such as air conditioning, Global 

Positioning System (GPS), opening doors and others is directly 

related with the load being transported. At this stage, an hourly 

passenger average was calculated, initially on a per vehicle 

base. A capacity rate was therefore developed and that number 

was used to set a classification system for full vehicle capacity. 

This classification thus allowed for an estimated number of 

passengers traveling simultaneously in each vehicle. The power 

to operate ancillary service equipment can thus be determined 

as a function of that number of simultaneous passengers (see 

details in Item B). 

 

 
 

A third step (item 3.1 to 3.4 of Fig. 1) is intended to establish 

bus speed behavior parameters related to the time of each trip 

by means of a real test cycle sample of the Line 100 route, as 

per Fig. 2. 

 

 
 

That cycle’s data were obtained according to [12], which 

used the GeoTracker application 

(https://play.google.com/store/apps/details?id=com.ilyabogdan

ovich.geotracker&hl=pt_BR&gl=US), which logs speed in 

km/h and time at each 2-second interval. This test cycle was 

started at the Central do Brasil terminal on April 5, 2019 at 

2:36pm and ended at the same terminal at 4:13pm. Speed and 

acceleration data were thus obtained for a round trip. 

Cycle parameters included average speed (m/s), average 

 
Fig. 1.  Methodological flowchart. 

 
Fig. 2.  Bus Line 100 Test Cycle. 
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cubic speed (m/s), velocity ratio characteristic acceleration 

(m/s²), represented by equations (1), (2), (3) and (4), 

respectively according to [13].  
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Where T is the total travel time (s), is the instantaneous speed 

(m/s), 
finalv  and initialv  are subsequent speeds of positive 

acceleration, that is, )()( tvvvv + . 

Data obtained from equations (1), (2), (3) and (4), according 

to data in Fig. 2, were 37.09 km/h, 47.48 km/h, 1.28 and 0.132 

m/s², respectively. 

The last two steps, 4 and 5, are to determine energy 

consumption rate/bus and to compare that with the simulation 

by using the Parametric Modelling of Energy Consumption in 

Road Vehicles (PAMVEC) software [13]. 

A. Estimating Number of Passengers 

According to DOR passenger data, the average passenger 

number on working days in 2016 for Line 100 was 35,419 [10]. 

It is convenient to have hourly data related to the respective 

number of passengers because a normal operations day includes 

peak demands for collective transport services. The solution 

provided here was to attribute an hourly distribution for a 

regular operations day presented in the Rio de Janeiro 

Metropolitan Region Transport Master Plan (PDTU) 

considering 2012 as a reference year [14]. Fig. 3 presents that 

hourly distribution on working days considering a total of 

35,419 passengers. 

 

 
 

B. Estimating Passenger Mass and Auxiliary Power 

The MOOVIT app for smartphones allows for verification of 

an additional C-G line between 7:30am and 7:30pm. This 

direction was thus considered as transporting 2/3 of the total 

number of passengers. For the other periods, a distribution 

proportion of an equal number of passengers was adopted for 

each direction. 

Application of this line direction-based passenger 

distribution proportionality is expressed in Fig. 4, which allows 

for an hourly number of passengers per vehicle as a function of 

the direction. 

 

 
 

However, all passengers are not simultaneously inside the 

bus from terminal to terminal. At this point, an index was 

introduced in this study and termed “capacity index”, which 

allows for a classification to estimate the average number of 
passengers simultaneously inside the vehicle in a round trip. 

This capacity index is calculated according to equation (5) and 

related classifications are shown in Table I.  

 

 
 

These capacity index related classifications were attributed 
to each time of line operation as presented in Table II.  
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Where CI  is the capacity index, PVN  is the total number of 

passengers who are transported in each vehicle and n  is the 

total number of seats in a bus. 

To define the mass of passengers transported in each trip, the 

average Rio de Janeiro city resident’s mass was used, 

considering 18+ year old men and women living in urban areas. 

According to the Brazilian Institute of Geography and Statistics 

(IBGE), the average mass is 66.4 kg [15]. 

Concerning ancillary services power, approximately 1.0 

W/kg was factored in relation to the mass of passengers 

considering a minimum of 1,000 W. Table III shows the total 

mass of passengers and ancillary services power as a function 

of the capacity index classification, where “driver” refers to the 

moment when the driver is the only one on the bus, that is, in a 

route to the terminal upon start of the operation and back from 

the terminal bound for the garage at the end. 

 
Fig. 3.  Average hourly distribution of line 100 passengers. 

 
Fig. 4.  Average number of passengers per vehicle depending on time and 

direction of route. 

TABLE I 

CLASSIFICATION ACCORDING TO CAPACITY INDEX 

Capacity index Classification 
Number of passengers considered 

inside the vehicle simultaneously 

𝐼𝐶 ≤ 1.0 Empty 20 

1.0 < 𝐼𝐶 ≤ 2.0 Moderate 40 

2.0 < 𝐼𝐶 ≤ 3.0 Full 60 

𝐼𝐶 > 3.0 Crowded 80 

 



2090                         IEEE LATIN AMERICA TRANSACTIONS, VOL. 20, NO. 8, AUGUST 2022 

 

 
 

 

C. Simulating Power and Energy 

Equations (6) to (12) were developed by [13]. Equation (6) 

presents the value of the total average power provided by the 

battery, which is necessary to cover the desired route [13]. 

regenaccessory

lossbatterylossdrivebrakingroadtotal

PP

PPPPP

−+

++++= −−

  (6) 

According to equation (7), the term 
roadP , represents the 

average power the vehicle requires to overcome the dragging 

forces acting on the vehicle and, in equation (8), brakingP , 

represents the average losses due to braking, where the 

regenerative braking fraction is also factored in. [13] 
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2
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inertiaregenbraking PkP )1( −=
           (8) 

Where   is air density (1.2 kg/m³), DC  is the aerodynamic 

drag coefficient, A is the vehicle’s front area (m²), RRC  is the 

attrition coefficient of the vehicle’s internal bearings, totalm  is 

the vehicle’s total mass (Kg), g is the acceleration of gravity 

(9.8066 m/s²),
regenk  is the regeneration factor and 

inertiaP , in 

equation (9), represents the average drive power for vehicle 

acceleration.   

avgtotalminertia ãvmkP =
             (9) 

Where mk  is the factor responsible for the rotational inertia 

of vehicle electromechanical drive. 

Components 
lossdriveP −

, equation (10) and lossbatteryP − , in 

equation (11), represent average losses due to the drive system 

and to the battery, respectively [13]. 
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In equation 10, trans  is the transmission system efficiency, 

mc  is the motor/controller efficiency, 
battery  in equation 11 

is the battery efficiency and regenP  in equation (12) refers to the 

average power absorbed by the drive system due to regenerative 

braking.  

inertiaregenregen PkP =
              (12) 

Lastly, accessoryP  is the average power necessary to feed the 

vehicle’s ancillary services such as air conditioning, headlights, 

GPS and so on [13]. 

As mentioned before the last step is to determine energy 

consumption rate/bus and to compare that with the simulation 

by using the PAMVEC software [13].  The input parameters are 

very relevant and also adopted for the PAMVEC simulation 

described on Table IV. These parameters are also important to 

the next step calculations as presented in item D, namely energy 

consumption, demand and atmospheric emissions. 

 

 

TABLE II 

TIME CLASSIFICATION REFERRING TO THE CAPACITY INDEX 

Time 

interval 

Route (C-G) Route (G-C) 

Capacity 

index 
Classification 

Capacity 

index 
Classification 

5h-6h 2.74 Full 2.74 Full 

6h-7h 6.23 Crowded 6.23 Crowded 

7h-8h 3.80 Crowded 1.91 Moderate 

8h-9h 1.84 Moderate 0.92 Empty 

9h-10h 1.62 Moderate 0.81 Empty 

10h-11h 1.47 Moderate 0.74 Empty 

11h-12h 1.72 Moderate 0.86 Empty 

12h-13h 3.78 Crowded 1.89 Moderate 

13h-14h 2.00 Moderate 1.00 Empty 

14h-15h 1.50 Moderate 0.76 Empty 

15h-16h 1.36 Moderate 0.69 Empty 

16h-17h 2.22 Full 1.11 Moderate 

17h-18h 5.23 Crowded 2.62 Full 

18h-19h 3.04 Crowded 1.53 Moderate 

19h-20h 1.93 Moderate 0.97 Empty 

20h-21h 1.65 Moderate 1.65 Moderate 

21h-22h 1.22 Moderate 1.22 Moderate 

22h-23h 1.65 Moderate 1.65 Moderate 

23h-24h 0.36 Empty 0.36 Empty 

 

TABLE III 

TOTAL MASS OF PASSENGERS AND POWER OF AUXILIARY SERVICES IN 

RELATION TO THE CAPACITY INDEX 

Capacity Index 

Classification 

Mass of passengers 

(Kg) 

Power considered for 

auxiliary services (W) 

Empty 1328 1300 

Moderate 2656 2600 

Full 3984 4000 

Crowded 5312 5500 

Driver 66,4 1000 

 

TABLE IV 

INPUT PARAMETERS FOR SIMULATION IN PAMVEC 

Parameters Values 

Glider mass 11.800 Kg [16] 

aerodynamic drag coefficient 0.79 [17] 

Rolling resistance coefficient 0.0098 [17] 

Acceleration: 0 to 80.4672 Km/h 48.59 seconds [18] 

Maximum speed 100 km/h [16] 

Gradeability 5% 

Gear box efficiency  92% [17] 

Motor efficiency 88% [17] 

Total battery storage energy 324 kWh [16] 

Specific battery power 1400 W/Kg [19] 

specific battery energy 133 Wh/Kg [20] 

battery energy density 220 Wh/l [21] 
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D. Energy Consumption, Demand and Atmospheric 

Emissions 

This section presents the methodology developed to obtain 

the necessary demand and energy to recharge the electric bus 

fleet. It also includes an energy comparison between EVs and 

ICVs and the estimated atmospheric emissions that were 

avoided by electrifying the Line 100 fleet. The steps described 

in this part are illustrated by the flowchart in Fig. 5. 

 

 
 

Results obtained from the PAMVEC simulation allowed for 

a calculation of the energy consumption of each bus, 

considering every trip made during its operation. A full day’s 

operation could not be achieved with a single battery charge, at 

every 15-minute arrival-departure interval in the terminal. 

Partial recharge was thus introduced at an equivalent 20 kWh, 

admitting that every recharge station has an 80-kW power 

availability [16]. Energy consumption and battery charge status 

were thus obtained for each bus trip, in addition to final 

consumption at the end of each day operation. 

Partial recharge is not enough to replenish the batteries. 

Recharge stations ought to be provided in the fleet’s garage for 

full battery recharge during nighttime if the fleet is to be 

operational the next day.  

Two recharge stations per terminal are therefore enough for 

daily operation of the fleet, sufficing there are six recharge 

stations in the garage, totaling ten recharge stations. Those 

considerations led to calculating the daily active power demand 

for the operation, at each individual terminal, as well as the 

demand of the two terminals together and the demand from the 

garage recharge, where each recharge station has, as mentioned 

before, design power of 80 kW [16]. That enabled an estimate 

of the energy consumption and the battery charge status in each 

bus trip, in addition to total consumption at the end of the 

operation. 

Seeing that partial recharge is not enough for full battery 

recharge at the end of daily operations, recharge stations had to 

be provided in the fleet’s garage for full battery recharge during 

nighttime for fleet operation availability the next day.   

The need for two recharge stations per terminal was therefore 

observed for due daily fleet operation, as well as six recharge 

stations in the garage. Given that, the daily active power 

demand was calculated for the operation, which enabled a study 

of each individual terminal demand; that is, the demand of two 

terminals together, the garage demand and the total demand for 

complete fleet operation. 

The active power demand curve was therefore defined for an 

estimate of monthly electrical power demand for Line 100 fleet 

and then the average vehicle consumption was calculated. This 

result allowed for extrapolation in order to estimate both 

consumption and cost of electrical power for the entire bus fleet 

in the city of Rio de Janeiro. That analysis required both peak 

and off-peak electrical power demand and consumption as 

informed by the local utility distribution company. In addition 

to that, the most adequate fare modality to be adopted by the 

Line 100 fleet was verified.  

The average annual distance covered by the Line 100 fleet 

enables calculations to estimate diesel consumption at 0.538 

liters/km according to [22]. 

Quantification of annual diesel costs factored in average 

prices at the local Rio de Janeiro utility distribution company 

between September and November 2020. The average price 

adopted for that fuel with and without taxes was R$3,11/liter 

[23] and R$1,90/liter [24], respectively.  

Lastly, atmospheric emissions avoided by electrification of 

Line 100 fleet were estimated. Atmospheric emissions 

considered for this study were: carbon dioxide (CO2), carbon 

monoxide (CO), hydrocarbons (HC), methane gas (NH4), 

nitrogen oxides (NOX), particulate matter (PM) and nitrous 

oxide (N2O), with which monthly emissions and vehicle 

average were estimated according to equation (13). 

DFEm e = −310                (13) 

Where, Em  is the amount of pollutant emitted, in kg, eF  is 

the vehicle emissions factor, in g/km, for urban buses, 

according to the São Paulo State Environment Company [7], 

and D is the distance traveled by the fleet, in km. 

V. RESULTS 

Average energy consumption rates per kilometer and the 

autonomy of the electrical bus model that was adopted, 

considering classifications on Table III referring to Line 100 were 

obtained by means of the PAMVEC mathematical model, 

including the cycle test in accordance with Fig. 2 and the data in 

Table IV. Those results are presented in Table V. 

 

 

 
Fig. 5. Flowchart for analyzing energy consumption, demand and atmospheric 

emissions. 

TABLE V 

ENERGY CONSUMPTION RATE AND AUTONOMY ACCORDING TO CAPACITY 

INDEX CLASSIFICATION 

Capacity 

index 

classification 

Mass of 

passengers 

(Kg) 

Power 

considered 

for auxiliary 

services (W) 

Energy 

consumption 

rate (kWh/km) 

Autonomy 

(km) 

Empty 1328 1300 1.56 207.7 

Moderate 2656 2600 1.70 190.6 

Full 3984 4000 1.84 176.1 

Crowded 5312 5500 1.98 163.6 

Driver 66.4 1000 1.46 221.9 
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A. Distance, Energy Consumption and Battery Charge 

Status 

Fig. 6 presents the total distance traveled, in km, by each 

vehicle at the end of a working day operation and the total 

electrical power consumption, in kWh, that each vehicle 

consumes to cover its daily operation routes. Considering the 

recharges during stationary intervals in the terminal, each 

vehicle’s battery charge status at the end of its daily operation is 

presented in the first column of Table VI. Remarkably, as 

explained in Item III, weekends and holidays assumed 65.8% of 

those amounts for annual calculations. 
 

 

B. Demand Curves 

Fig. 7 presents the recharge demand curve in relation to each 
terminal and the recharge demand curve referring to Line 100 

fleet operation during the day. Contents in Fig. 7 provide that 160 

kW is the maximum demand for both terminals. The Central do 

Brasil terminal presents an average demand of 131 kW, a 0.82 

charge factor and average daily consumption of 2,353 kWh. The 

General Osório terminal presents an average demand of 130 kW, 

a 0.81 charge factor and average daily consumption of 2,400 

kWh. 

 
 

Table VI presents nighttime recharge results for the fleet’s 

garage, in order to achieve full charge for plain next-day 

operation. From Table VI, a new garage recharge demand curve 

and a complete Line 100 fleet demand curve were established, 

comprising operation recharge demand and full recharge 

demand, according to Fig. 8. From Fig. 8, recharge in the garage 

has shown to reach maximum demand of 480 kW, 430 kW of 

which refer to medium demand, a load factor of 0.90 and daily 

average consumption of 2,445 kWh. Considering the two 

terminals, recharge during operation reached maximum demand 
of 320 kW, medium demand of 257 kW, load factor of 0.80 and 

daily average consumption of 4,753 kWh. 

 

 
 

 

C. Estimated Electrical Power Consumption 

 Electrical power consumption of Line 100 operation on a 

working day is 7.199 kWh. Energy consumption on weekends 

and holidays was considered at 65.8% of a working day, therefore 

equal to 4,735 kWh. 

From those results, an estimated daily average consumption 

was established for the month and for the year of Line 100 

operation. Extrapolations were therefore made for Rio de 

Janeiro’s total bus fleet which, according to the Municipal 

Secretary of Transport, in August 2020, added up to 7,564 units 

in operation [6], as presented in Table VII. 
 

 
 

Though results for Rio de Janeiro’s total fleet were obtained 

from an average based on the study of a single line, that provides 

an important order of magnitude for energy planning and 

electrification of bus-based public urban transport in the city. 

D. Estimated Cost of Electrical Power 

Results obtained in Table VII provide the average monthly 

cost of electrical power for the Line 100 fleet. This analysis 

 
Fig. 6. Total daily distance traveled and electric energy consumption by each 

vehicle. 

TABLE VI 

FULL RECHARGE OF VEHICLES IN THE GARAGE 

Vehi

cle 

Battery 

state of 

charge 

Remaining 

battery 

energy 

(kWh) 

Energy 

required for a 

full recharge 

(kWh) 

Time to 

full 

recharge 

(minutes) 

Recharge 

start time 

Recharge  

end time 

V1 50,0% 161,96 162,04 122 00:00 02:02 

V2 43,1% 139,65 184,35 139 00:00 02:19 

V3 52,0% 168,46 155,54 117 00:00 01:57 

V4 53,6% 173,62 150,38 113 00:00 01:53 

V5 52,0% 168,46 155,54 117 00:00 01:57 

V6 52,2% 169,28 154,72 117 00:00 01:57 

V7 52,2% 169,28 154,72 117 01:57 03:54 

V8 49,4% 160,13 163,87 123 01:53 03:56 

V9 54,8% 177,68 146,32 110 01:57 03:47 

V10 55,5% 179,78 144,22 109 01:57 03:46 

V11 56,2% 182,22 141,78 107 03:54 05:41 

V12 55,5% 179,78 144,22 109 02:02 03:51 

V13 57,6% 186,50 137,50 104 02:19 04:03 

V14 53,3% 172,58 151,42 114 03:46 05:40 

V15 55,7% 180,34 143,66 108 03:47 05:35 

V16 55,7% 180,34 143,66 108 03:51 05:39 

 

 
Fig. 7. Recharge demand for each terminal and for the line 100 fleet. 

 
Fig. 8. Recharge demand curve in the garage and during operation. 

TABLE VII 

ELECTRICITY CONSUMPTION ESTIMATES 

 Period 
Line 100 fleet 

(MWh) 

Average per 

vehicle 

(MWh) 

Estimate for 

the city of RJ 

(MWh) 

Working days 

Diary 7.199 0.45 3,403.17 

Monthly 158.37 9.90 74,869.73 

Yearly 1,878.85 117.43 888,227.28 

Weekends 

Diary 4.74 0.30 2,238.53 

Monthly 37.88 2.37 17,908.24 

Yearly 492.45 30.78 232,807.06 

Working days 

+ Weekends 

Monthly 196.25 12.27 92,777.97 

Yearly 2,371.30 148.21 1,121,034.34 
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considered 320 kW and 480 kW for peak and off-peak demand, 

respectively. Monthly peak electrical power consumption 

reaches 18,274.67 kWh while the off-peak consumption reaches 

177,976.98 kWh. 

Those values show that the structure classified as horo-sazonal 
azul (peak hour blue), according to regulation 414 issued in 2010 

by the National Electrical Power Agency in Brazil (ANEEL) 

[25], is the most applicable fare modality for electrical power 

consumption and demand for this fleet’s recharge.  

The monthly average cost estimated before taxes for Line 100 

fleet operation is R$ 104,990.80 where R$ 8,827.20 and R$ 

10,889.60 refer to peak and off-peak demand, respectively, while 

electrical power consumption alone was R$ 74,326.75 for off-

peak consumption and R$ 10,947.26 for peak consumption.  

Estimated average cost of electrical power after taxes 

considered 32% referring to the Brazilian tax on goods and 

services (ICMS) and 2.92% to Brazilian social security taxpayer 
contribution (PIS/COFINS) for December 2020 [26]. 

So, when taxes are factored in, the estimated average monthly 

cost for Line 100 fleet operation is R$ 161,350.25 with R$ 

13,565.67 and R$ 16,735.18 referring to off-peak and peak 

demands respectively while electrical power consumption 

amounted to R$ 114,225.62 for off-peak consumption and R$ 

16,823.78 for peak consumption.  

E. Comparing Operational Costs Between Diesel Fuel and 

Electrical Power 

This session includes comparisons for average energy cost for 

Line 100 fleet operation when diesel oil was used as fuel and 

when electrical power was used as the driving force. Based on 

the average 115,856.46 km distance covered by the fleet and 

considering an average diesel consumption of 0.538 liters/km 

[22], the monthly average diesel consumption of Line 100 fleet 

is 62,330.78 liters. Since the price of a liter of diesel oil is R$ 3.11 

tax included [23], the estimated monthly average cost for Line 
100 fleet operation is R$ 194,027.37. Table VIII contains a 

comparison for monthly operation costs between diesel and 

electrical power, considering prices both with and without taxes. 

 

 
 

If we look at scenario with taxes, we see that even though 

electrical power costs are 2.55 times higher than diesel costs, use 

of electrical power is presents less expenditures. Indeed, use of 

electric buses is more efficient because energy consumption in 

MJ/km is 3.1 times greater with diesel than energy consumption 

with electricity. 

Energy wise, it takes three times more (MJ) diesel to cover the 

same distance that it would take if electrical power drive was 
used. That bears directly upon cost per kilometer and, 

consequently, on monthly costs of operating Line 100; that is, use 

of electrical power drive provides an approximate 16.84% 

operational savings. The authors consider this promising 

different can be scaled up with the introduction of public policies 

in favor of electric buses, particularly when the inherent 

environmental benefits are considered in view of the significantly 

renewable Brazilian energy matrix. 

F. Atmospheric Emissions 

Fig. 9 (a) and (b) present monthly average estimates for 

avoided atmospheric emissions after electrification of the Line 

100 fleet and after electrification of the entire Rio de Janeiro bus 

fleet, respectively, according to equation (12). 

 

 

VI. CONCLUSION 

The results presented in Table V were similar to those found 

in Chilean electric fleets according to the World Bank report. In 

this report, energy consumption rates between 1.13 kWh/km 

and 1.74 kWh/km and autonomy between 90.9 km and 222.3 

km were pointed out [27]. These values were obtained in the 

laboratory, considering the "TS-STGO" driving cycle, which 

represents the operation of an urban bus in the city of Santiago, 

the vehicle weight, the driver's weight and a load relative to the 

weight of 50 % of passenger occupancy [28]. 

This study shows that for Line 100, two partial recharge 

stations need to be built at the final bus stations. Full bus battery 

recharge at the end of daily transport operation will require six 

recharge stations at the nighttime garage. Considering the fleet 

comprises 16 vehicles, there is a bus/recharge station 

occupation rate of 4 during daytime operation and 

approximately 2.6 during nighttime at the garage. 

Demand curves indicate that the biggest electrical power 

demand and consumption take place during the nighttime, 

reaching approximately 480 kW. It provides benefits for both 

the bus company and the utility company, considering electrical 

power system load reductions during peak periods and 

electricity rate reductions for the transport company. 

The average energy consumption per bus of line 100 resulted 

in 450 kWh on working days and approximately 300 kWh on 

weekends or holidays, totaling 7,199 kWh and 4,740 kWh of 

daily energy consumption for the entire fleet, respectively. 

TABLE VIII 

COMPARISON OF AVERAGE OPERATING COSTS USING DIESEL AND 

ELECTRICITY 

Cost / 

Consumption 

With taxes Without taxes 

Diesel S10 
Electric 

energy 
Diesel S10 

Electric 

energy 

Monthly Cost 

Estimate 
R$194,027,37 R$161,350.25 R$118,388.79 R$104,990.80 

Monthly 

Energy 

Consumption 

(MJ) 

2,212,617.86 706,505.94 2,212,617.86 706,505.94 

Energy Cost 

(R$/MJ) 
R$ 0.09 R$ 0.23 R$ 0.05 R$ 0.15 

Energy 

consumption 

rate (MJ/km) 

19.10 6.10 19.10 6.10 

Cost per km R$1.67 R$ 1.39 R$ 1.02 R$ 0.91 

 

 
Fig. 9. Monthly average of atmospheric emissions avoided. 



2094                         IEEE LATIN AMERICA TRANSACTIONS, VOL. 20, NO. 8, AUGUST 2022 

 

Monthly consumption estimates are 196.25 MWh. Remarkably, 

with a single full battery charge, daily operations can be 

conducted, except for working days. 

Based on the abovementioned results, a total of 4,801 

recharge stations are estimated for the entire Rio de Janeiro city 

bus fleet, with 1,891 at passenger boarding terminals and 2,910 

at the various company garages. 

The novelty of the methodology is to establish the parameters 

for contracting the supply of electricity on a daily, monthly and 

annual basis. Further studies must include electric buses 

performance tests. It is also recommendable to stablish 

proposals of sustainable financial schemes in order to road 

urban transportation companies invest in electric buses fleets. 

These results allow us to infer a daily average energy 

consumption for the entire Rio de Janeiro city bus fleet at 

3,403.17 MWh on working days and 2,238.53 MWh on 

weekends and holidays. Considering a load factor of 0.90 at 

nighttime during garage recharge and 0.80 for fleet operation 

recharge, a maximum demand of 233.75 MW was obtained and 

a 151.76 MW demand was obtained for working day operation. 

On weekends and holidays, those demands would be 153.75 

MW and 99.83 MW, respectively. Based on these results, 

annual energy consumption is estimated at approximately 1,121 

GWh, corresponding to 42.7% of the Nilo Peçanha Electrical 

Power Plant generation in 2020, for instance, in the State of Rio 

de Janeiro [29] and to only 6.6% of the total municipal 

consumption in 2019, which was 16,899.92 GWh [30]. 

Concerning operational costs, benefits of employing 

electrical power are self-evident. Despite its higher cost per 

energy unit (R$/MJ), the greater efficiency of this option over 

the use of diesel has provided expressive operational savings of 

approximately 16.84%. Remarkably, values adopted to 

estimate the costs of using diesel were refinery values rather 

than the final amounts at fuel stations. If these final amounts 

had been used, the benefits of using electrical power drive 

would have been much higher. 

Electrification of Line 100 avoids at least 153,000 kg of 

monthly atmospheric emissions and 1,845,000 kg yearly 

considering only fossil CO2. If we consider total Rio de Janeiro 

city bus fleet electrification, at least 57,000 tons of fossil CO2 

emissions would be avoided every month, reaching 686,000 

tons yearly. 

Remarkably, electrification of bus fleets provides operational 

cost savings as it also increases quality of life in urban centers 

because of reduced atmospheric emissions from ICVs while 

strongly contributing to reduce deleterious effects of climate 

change. 

The process of road bound public transport electrification—

deployed in various countries, including some in Latin 

America, after the Chile experience and now in progress in Peru 

and Colombia—points this way. In Brazil, the process presents 

great potential since the country already has electric bus 

assembling companies in place. 

According to [31] and [32], public policies should be 

established so that public transport electrification is enabled as 

well as vehicle fleets belonging to electrical power companies 

across the country [33]. A comparison between operational 

costs with and without taxes underlines a high tax burden on 

electrical power prices for urban bus fleets recharge. This study 

has indicated that electrical power costs including the relevant 

taxes increases final amounts by 53.65%.  

It is clear that increased fleet bus autonomy will contribute 

significant operational benefits. It will avoid bus battery 

recharge stops, thus increasing travel time during passenger 

peak hours, which usually coincide with electrical power grid 

peaks, eventually leading to lower operational costs. 

The favorable perspectives for the introduction of urban 

electric bus fleets deserve the inclusion of this subject in the 

elaboration of the strategic planning of electric energy 

companies [34]. The possibilities of higher billing combined 

with an effective reduction of harmful emissions into the 

atmosphere, as well as of fuel consumption, establish 

arguments with sufficient potential for attractiveness for these 

issues to be examined more deeply. Thus, it is convenient to 

improve short-term load prediction techniques [35] and the use 

of methods based on computational intelligence [36]. 
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