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Abstract 

The paper studies the development of ECO-strategies, including ECO-driving, ECO-charging, and 

ECO-comfort, for fleets of electric buses traveling in two routes in Barcelona, route H16 and route L33, 

in terms of their energy utilization, total cost of ownership and the impact on the grid. The efficacy of 

each ECO-strategy is evaluated with respect to the driving and climatic conditions. To evaluate the 

effects of climate, fleet simulations for Barcelona are run for mid-summer and mid-winter, in normal 

mode as well as for each of the ECO modes independently and all combined. To evaluate the effects of 

driving condition, two different routes with different average velocities and elevation profiles are 

considered. The fleet consists of four types of electric buses that are evaluated, including two 12m and 

two 18m buses, with different battery capacities and chemistries. Simulation results showed that the 

battery capacities for the 12m buses were more than sufficient to allow the buses to undertake two or 

three return trips before requiring charging. However, for the 18m buses the capacity was just sufficient 

to make one return trip in either of the routes being considered, not allowing much room for battery 

capacity degradation; thus, it is recommended to apply ECO-features to reduce the energy utilization 

rate, increase the number of charging points along the route, or increase the battery capacity. Results 

show that ECO-driving is more effective when the average velocity of the route is higher; thus, route 

H16 with an average route velocity of 2.64m/s shows no discernable energy savings, while route L33 

with an average route velocity of 3.23m/s has 5% ~ 7% energy savings. Similarly, results show that 

ECO-comfort is optimized for cooling, with substantial energy savings of 23% during summer and 18% 

during winter. Finally, ECO-charging shows more energy savings for high charging c-rate; LTO 

batteries, with a c-rate of -5C showing 5% ~ 6% more savings than NMC battery, with a c-rate of -2.5C. 

Introduction 

A significant component of the European Union 2050 carbon-neutral plan, which aims to create a 

Europe-wide economy with net-zero greenhouse gas emissions by the middle of this century [1], is 

investments in electric mobility. The plan envisions a fifteen-fold increase in public electric vehicle 

(EV) charging points by 2030 to 3 million to service a projected 44 million EVs [2]. To achieve this 

target, twenty billion euros would be invested in charging infrastructure over the next decade. In this 

context, the ASSURED project is part of the Horizon 2020 initiative, aiming to boost the electrification 

of urban heavy-duty vehicles, such as electric buses and electric trucks. 

 

Energy management and ECO-strategies modeling of electric bus fleets in Barcelona
city

HASAN Mohammed

EPE'21 ECCE Europe ISBN: 978-9-0758-1537-5 – IEEE: CFP21850-ART P.1
Assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)

Authorized licensed use limited to: Vrije Universiteit Brussel. Downloaded on December 02,2021 at 18:28:42 UTC from IEEE Xplore.  Restrictions apply. 



In order to ensure the large-scale adoption of electric buses for public transport, their economic viability 

needs to be proven based on actual driving scenarios on city routes. In this context, the ASSURED 

project investigates, via simulation, the energy consumption rate, total cost of ownership (TCO), and 

the impact on the grid based on standard driving cycles with random passenger loads in buses traveling 

in various city routes. In this paper, fleets of electric buses are evaluated in two routes in the city of 

Barcelona during summer and winter. 

The Simulation Framework 

The electric bus simulations are carried out using standard driving and charging scenario as inputs. The 

simulation framework is a low fidelity forward-facing powertrain model of an EV tuned to the 

parameters of actual 18m and 12m electric buses on their daily routes. The powertrain model consists 

of bidirectional energy flow between the energy storage system (ESS), the inverter and electric motor 

(EM), the gearbox and transmission, the vehicle chassis, and the driving environment. The powertrain 

model also includes the energy flow of the auxiliary system consisting of the cabin and battery, the 

heating, ventilation, and air conditioning (HVAC) system, and the auxiliary DC-DC converter 

connecting to the ESS. Finally, the powertrain model includes the energy management system’s (EMS) 

and the charging management system’s (CMS) control signals as shown in Fig. 1. 

 

 
Fig. 1: Forward-facing model of the electric vehicle powertrain and the charging infrastructure 

 

The powertrain model, which represents an electric bus is designed in MATLAB/Simulink as one 

functional block. The graphical user interface (GUI) of the block allows the user to easily configure the 

bus size and its scheduled position within a fleet, the city and season, and the driving and charging 

scenario. The GUI also allows the user to define the total number of buses traveling in each route, and 

their respective schedules. The vehicle, climate, and route parameters are defined within the MATLAB 

script that is run prior to the simulation. The simulation framework utilizes a scalable architecture that 

allows it to define different power levels and capacities of the EMs, the power electronics (PE), the 

gearbox, and the ESS for 9m, 12m, and 18m electric buses. 

 

In addition to the EV powertrain model, the simulation framework also consists of the charger and grid 

infrastructure model with the ability to integrate with multiple EV blocks to simulate a fleet of vehicles 

for a given route. The number of opportunity and overnight chargers, and their charging locations can 

be defined for each route. Multiple bus routes can also be defined within a city, along with their 

opportunity and overnight charging networks; these chargers can be exclusive to a route or can be shared 

between routes according to the requirements of the city bus operator (CBO). The architecture of the 

charging network is such that multiple buses can connect to a single charger at different times, and a bus 
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can also connect to multiple chargers at different times, thus creating a mesh network of chargers and 

buses. Finally, all the chargers are connected to the local grid through the substation transformer. 

 

The city’s climate profile (consisting of the temperature, humidity, and solar irradiance), the route 

elevation profile, the driving profile, and the charging profile are loaded as table data from ‘.mat’ files; 

however, these sources can easily be replaced with real-time data coming from the Internet or the CAN 

bus. The final input to the simulation framework, namely the passenger load inside the bus, is simulated 

as randomly varying throughout the day. Depending on the bus’s scheduled time of operation, the 

random passenger profile is different for each bus in the fleet. The output of the simulation framework 

is the fleet TCO, whose calculation is described fully in [3], the energy consumption rate of each vehicle, 

and the total daily impact on the grid by the entire fleet. 

ECO Strategies 

The various ECO-strategies, including ECO-comfort, ECO-driving, and ECO-charging, described in 

detail in [3-5], and these strategies are illustrated integrated holistically in Fig. 2. 

 

  
Fig. 2: Overview of the ECO-strategies applied to the Electric Bus in ASSURED [9] 

 

In ASSURED, the optimization of the thermal management of the vehicle using ECO-comfort rely on 

two strategies [4]. One of them is to dynamically vary the temperature setpoint inside the cabin, such 

that the overall ‘discomfort’ level of the majority of the passengers will increase, thus leading to a 

decrease in the energy required by the HVAC system to regulate the setpoint temperature. The algorithm 

considers the ambient temperature, the solar irradiance, the humidity level, and the number of passengers 
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inside the cabin to determine the optimum cabin setpoint temperature, such that the HVAC system 

requires less energy to regulate that temperature. A trade-off of is made between passenger comfort and 

energy expenditure; the passenger comfort level is decreased as much as possible without causing undue 

annoyance. Another strategy of ECO-comfort is the preconditioning of the cabin environment when the 

bus is connected to the charger. During preconditioning, the cabin temperature is tracked from the 

ambient to the setpoint temperature, and is an energy intensive process; thus, to lessen the depletion of 

the ESS, it is best carried out when the bus can draw the required energy from the charger. In addition 

to the bus cabin, thermal management is also necessary for the EM, the PE components, and the ESS to 

keep them within optimum operating range; however, their energy requirement is very low compared to 

the thermal management of the bus cabin.  Thus, in ASSURED, ECO-comfort is only applied to the 

thermal management of the cabin. 

 

Similarly, the optimization of the energy management of the traction system using ECO-driving is 

implemented using on two strategies [5]. One is the velocity modification of the driving cycle using 

ramped acceleration to ensure smooth changes in velocity. Even with the velocity modification, the 

distance travelled using the ECO-friendly driving strategy is synchronized to the distance travelled using 

the normal driving cycle using the PID method. The second aspect of the ECO-driving strategy is the 

optimization of the regenerative braking process by actuating the EM at its maximum power point, as 

much as possible within the kinematic constraints of the ECO-friendly velocity profile, to recuperate the 

maximum possible energy. The energy harvesting works best when the vehicle has sufficient 

momentum, thus decelerating from higher speeds will give greater energy recovery. 

 

Finally, the optimization of the charging management of the ESS using ECO-charging has been 

developed using a pulsed charging strategy designed to minimize the heating of the battery, so that less 

energy needs to be expended for battery cooling [3]. The pulse charging allows the ESS to use the 

ambient conditions for to passively cool itself; thus, less energy is required from the HVAC system for 

active cooling. The thermal management of ECO-charging is opposite to that of ECO-comfort, in that 

ECO-charging utilizes the ambient conditions, while ECO-comfort acts against it. It should be noted 

that compared to ECO-driving or ECO-comfort, the energy savings achieved using ECO-charging is 

minimal; however, the benefit derived from ECO-charging comes from the reduction of the average 

load on the grid due to pulse charging, and the increase in the longevity of the ESS due to less heating 

in the battery’s cells. 

Lifetime Assessment using Digital Twins 

Typical average lifetimes for public transport buses in fleets are given as 15yrs or 675,000km [6]. 

However, this ignores the driving conditions, the terrain, the climate, and how regularly the vehicle is 

serviced. To properly evaluate the lifetime of the ESS and the PE components in the vehicle such as the 

DC-DC converter and the inverter, and the effects of the ECO strategies, it is necessary to express the 

lifetime in terms of the energy expenditure of the vehicle instead of the total distance travelled. Using 

the standard driving scenario as a baseline for achieving the average vehicle lifetime, the effects of 

implementing the ECO features are be used to determine the increase in the lifetime of the vehicle and 

the reduction in the TCO. Two important electric vehicle components are studied: the ESS and the PE 

modules. The lifetime of the ESS is expressed in terms of the relative capacity degradation, which is a 

function of the number of charge and discharge cycles and the temperature profile experienced by the 

battery. On the other hand, the lifetime of the PE modules is expressed in terms of their reliability [7], 

which is a function of the current profile experienced by the PE modules. 

 

With the advent of Internet of Things (IoT) made possible by super highspeed and low latency 

communication systems, the trend for control is shifting towards digital twins (DT). According to IBM 

[8], a DT is a virtual representation of a physical system that can be examined via simulations to test 

how the system would behave under a variety of inputs. The DT uses real time data from the actual 

systems to learn and reason for improved decision making. A cloud based DT is being created for the 

electric vehicle powertrain that will accept real time inputs from the actual buses via the IoT, so that the 

simulation results can be compared with reality in order to train and tune the DT. Once trained, the DT 
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will be used to suggest the appropriate charging schedules for all the buses that will minimize the total 

cost of ownership and the impact on the grid. Digital twins can also be used to monitor the reliability of 

the vehicle components, based on actual usage, and make predictions on the useful remaining lifetimes; 

thus, giving a more accurate picture of the TCO. The process to convert the simulation framework into 

a DT framework is straightforward. The functional block representing the powertrain model would 

remain the same; however, the inputs to the powertrain, such the standard driving cycles, are replaced 

with receiver (Rx) blocks for TCP/IP, CAN, USART, or other external sources of inputs. The output of 

the powertrain model, e.g., the bidirectional current profile faced by the ESS, are compared with the 

actual current measurements, input to the DT using the Rx blocks to train the DT model. 

Description of the Use Case 

The ECO strategies are evaluated for a fleet of buses on two routes in Barcelona during summer and 

winter. The routes (L33 and H16) have been selected so that the driving scenarios in both routes contains 

significant differences. Barcelona has a Mediterranean climate with hot summers and mild winters [4]. 

Furthermore, the average speed of the buses on route L33 city is 11.64km/h, while the average speed on 

route H16 is 9.52km/h. Route L33 also has higher elevation and steeper grades than H16. However, the 

electric driving distance for route H16 is 20% longer than route L33; combined with the lower average 

speed on route H16, the return trips in route H16 takes 50% longer than in route L33. These different 

driving scenarios and seasonal climates are used to evaluate their effect on the ECO strategies 

implemented. The requirements of the CBO specify only one high-powered (600kW) superfast 

opportunity charger for each route. The number of overnight chargers is determined from simulation 

based on the total duration available for overnight charging, the average charging duration required for 

each bus, and the total number of buses in the fleet. Based on scheduling constraints, route L33 requires 

a fleet of 16 electric buses, while route H16 requires 20 electric buses. Finally, the requirements of the 

CBO stipulate two 12m buses and two 18m buses, whose details are presented in Table II, as part of the 

electric bus fleet; the assumption of equal numbers of each bus type in the fleet is made during the 

simulation. Fig. 3 shows the two routes in Barcelona. 

 

 
Fig. 3: The map of Barcelona city showing routes H16 and L33 [10] 
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Table I presents the scenario details for the two routes in Barcelona that will be simulated for the fleet, 

and Table II presents the bus types that are considered for both these routes. The driving cycle used to 

test the scenarios during simulation was the hybrid SORT velocity profile scaled to fit with the route’s 

average driving speed, as described in [5]. The climate profile for Barcelona is illustrated in Fig. 4, while 

Fig. 5 shows the driving cycle and elevation profile for just one return trip in routes L33 and H16. 

 

Table I: Driving and charging scenario for the two routes in Barcelona city 

Parameters Route L33 Route H16 

Operational requirements 

 

Maximum acceleration 1.5 m/s2 1.5 m/s2 

Operational time 15.33 hrs 17.33 hrs 

Bus frequency Every 7 mins Every 8 mins 

Average Speed 11.64 kph 9.52 kph 

Return trip distance 19.4 km 23.8 km 

Number of return trips 8 7 

Number of buses 16 20 

Bus types Equal number each type Equal number each type 

Charging requirements 

Number of opportunity chargers 1 1 

     Charging power 600 kW 600 kW 

     Available charging duration Up to 7 mins Up to 8 mins 

Number of overnight chargers* 1 2 

     Charging power 100 kW 100 kW 

     Available charging duration Up to 8 hrs Up to 6 hrs 

*NOTE: not given as requirement, but determined from simulation 
 

Table II: Parameters for the different bus types analyzed 

Parameters Type 1 Type 2 Type 3 Type 4 

Vehicle parameters 

Dimensions (m) 17.97 x 3.35 x 2.55 12 x 3.3 x 2.55 18.73 x 3.4 x 2.55 12 x 3.51 x 2.55 

Empty mass 19 t 11.9 t 18.7 t 13 t 

Maximum mass  30 t 19 t 28 t 19.1 t 

Gearbox parameters 

Final gear ratio 5:75 5:77 1:6 1:4 

Gear efficiency 92% 97% 95% 96% 

Electric motor parameters 

Motor type Induction Permanent magent AC synchronous Parmanent magnet 

Cont. power 170 kW 185 kW 235 kW 153 kW 

Base speed 4075 rpm 4200 rpm 1000 rpm 600 rpm 

Max torque 400 Nm 425 Nm 2300 Nm 2500 Nm 

Efficiency (%)* LuT LuT LuT LuT 

Max. DC link 780 V 660 V 700 V 690 V 

Min. DC link 520 V 420 V 700 V 470 V 

Energy storage system parameters 

Cell technology LTO LFP LTO NMC 

Capacity (Ah) 160 336 180 300 

Max. SoC  100% 90% 100% 90% 

Min. SoC 15% 10% 15% 100% 

Useable energy 90 kWh 160 kWh 108 kWh 138 kWh 
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Max. voltage 780 V 768 V 700 V 680 V 

Nom. voltage 670 V 600 V 700 V 575 V 

Min. voltage 520 V 422 V 700 V 470 V 

Max. charge rate -5 C -3.75 C -5 C -2.5 C 

Max. dicharge rate 10 C 7 C 10 C 5 C 

Mass 1340 kg 1440 kg 1575 kg 1980 kg 

Auxiliary parameters 

Voltage 24 V 600 V 24 V 24 V 

Power (kW) 25 28 44 (heat), 39 (cool) 25 

Operational parameters 

Max speed 50 kph 80 kph 50 kph 40 kph 

Anual drv dist 45000 km 45000 km 45000 km 45000 km 

*NOTE: The electric motor’s efficiency is dynamically acquired from a lookup table 

 

 
Fig. 4: The seasonal climate profile for the city of Barcelona 
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Fig. 5: The driving scenario for one return trip in routes H16 and L33 

 

The ratio of the maximum velocity to the average velocity of the hybrid SORT cycle shown in Fig. 5 is 

approximately 1:3; since this standard cycle is scaled to fit with the average velocity of the route, thus 

in the simulation route H16 has a maximum velocity of 30 kph, while route L33 has a maximum velocity 

of 36 kph. 

Results and Discussion 

The results of the fleet simulation use case for Barcelona show some interesting results as illustrated in 

Fig. 6. Barcelona is a warm Mediterranean climate, with hot summers and mild winter; thus, energy 

requirements will be minimal during winter, but higher during summer with the need for air 

conditioning; this is shown in Fig. 6a where 20% or more energy is consumed during summer. 

Therefore, with regards to the energy requirements, summers constitute the worst-case scenario, and 

thus will be analyzed further with ECO features to lower the energy requirements. The fleet simulation 

was carried out assuming that everything was brand new, including the buses, the chargers, and the ESS. 

However, it is also of interest to note how the ageing in the ESS, which degrades the most compared to 

the other powertrain components such as the EM and PE, will affect energy requirements of the bus; 

Fig. 6b shows that fleets with ESS attaining relative capacity degradation (RCD) of 20%, which is 

considered time for battery replacement, will increase the impact on the grid by 6% compared to fleets 

with brand new ESS. 

 

The effects of the three ECO features are also considered next. Fig. 6a shows the effect of ECO-comfort. 

The effectiveness of ECO-comfort is affected by the ambient temperature; as can be seen from the 

figure, ECO-comfort decreases the energy requirement by 8% during winter and 13% during summer, 

indicating that the algorithm is optimized for cooling. Also, the effectiveness of ECO-driving is affected 

by the average speed of the vehicles in a route as can be seen in Fig. 6c and 6d. Route H16, which has 

an average speed of 2.64m/s, does not gain any benefit from implementing ECO-driving, but route L33, 

which has an average speed of 3.23m/s, has a reduction of energy consumption rate of 6%. This is 

because at higher speeds the EM can be activated in its maximum power region during regenerative 

braking, which results in more energy recovered. Furthermore, at lower speeds the energy recovered 

from regenerative braking is less than the energy required to activate regenerative braking; thus, 

regenerative braking is not activated when vehicle speed is below a set amount. Finally, Fig. 6a, c, and 

d shows that ECO-charging does not have any effect in the vehicle energy consumption rate, but it will 

lower the electricity consumption from the grid. This is because ECO-charging is active when the 

vehicle is connected to the charger, and thus any energy consumed during that time comes from the grid 

and not the ESS. However, the reduction in the electricity consumption is very low at 1.5% to 2.5%. 

However, the great benefit of ECO-charging lies in its ability to reduce the average load on the grid as 

can be seen from Fig. 7, where the peak load on the grid is reduced by more than 10%, and charging is 

shifted more towards the non-peak time.  

 

Energy management and ECO-strategies modeling of electric bus fleets in Barcelona
city

HASAN Mohammed

EPE'21 ECCE Europe ISBN: 978-9-0758-1537-5 – IEEE: CFP21850-ART P.8
Assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)

Authorized licensed use limited to: Vrije Universiteit Brussel. Downloaded on December 02,2021 at 18:28:42 UTC from IEEE Xplore.  Restrictions apply. 



 

        
(a) Effect of Season on the Total Grid Impact (b) Effect of Battery Ageing on the Grid Impact Ratio 
 

         
(c) TCO and energy consumption rate for L33            (d) TCO and energy consumption rate for H16 

Fig. 6. Fleet simulation results for routes L33 and H16 in Barcelona 

 

 
Fig. 7. Effect of ECO-charging on the load in the 11kV MV grid line 
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Conclusion 

This paper presents the findings of the demo simulations for electric bus fleets in Barcelona for the 

summer and winter months to determine the average fleet energy utilization, the impact on the grid, and 

the cost of ownership using the hybrid SORT driving cycle tuned to the driving scenario for the specific 

routes.  The fleet consists of two types of 12m and two types of 18m vehicles, featuring different electric 

motor types, transmission characteristics, and battery chemistries. The simulation determines the 

viability of the buses to carry out their daily mission within the constraint of the bus operators. Results 

show higher energy requirement during summer, but also 5% greater energy savings due to ECO-

comfort. Results also show that increasing the average speed of the route by 0.6m/s gives up to 7% 

reduction in energy usage due to ECO-driving. ECO-charging does not benefit the vehicle much as the 

other ECO-features, but it does substantially lower the average load on the electricity grid and shifts the 

charging to the non-peak timing. 
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