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Abstract—A practical experience on monitoring the data generated by electric buses is presented, focusing on 
energy consumption, charge and state of the batteries. The work is carried out in the framework of a global smart city 
strategy developed by the H2020 Smart City Lighthouse STARDUST project. The crucial role of the data collection and 
transmission from electric buses has become evident in this work, so the adopted solutions are covered in detail. A 
practical electric bus charging station configuration is considered, operating within the city of Pamplona, Spain, with 
an urban route setting in which electric charging is performed. Various key factors for the practical implementation of 
the necessary communication infrastructure, including wireless Low Power Wide Area connectivity challenges within 
the urban scenario settings, based in LoRa/LoRaWAN communication system nodes. The monitoring system 
architecture is also presented, in which specific machine learning modules in order to collect patterns and 
visualization of data to enhance planning, operation and maintenance procedures. 

Index Terms— business intelligence, electric bus, LoRa, smart city, smart grid 

I. INTRODUCTION

sensors are the foundation of the operation of a smart 

city gathering data and sending where they can be 

processed [1]. One possibility could be to utilize cloud 

computing but it is also posible to delegates its responsibilities 

to edge computing devices through fog computing, to reduce 

consumption, greater security, less maintenance, etc. [2,3]. In 

any case, smart cities employ sensors to measure a large 

number of parameters related to air and water quality, energy 

usage, traffic flow, etc. These sensors are deployed throughout 

the city and provide valuable information to policy makers, 

public administrations or directly to citizens in real time, 

enabling the city and their citizens to be connected in an urban 

smart and rational city environment.  

The European Commission is committed to supporting 
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initiatives that represent an advance in the sustainability of its 

cities. In this framework, this work presents some results of 

the Smart Cities and Communities Lighthouse STARDUST 

project [4] in which seven cities are collaborating closely in 

order to test and validate technical solutions and innovative 

business models and deliver blueprints for replication 

throughout Europe and abroad. The objective of the 

STARDUST project is to pave the way towards low carbon, 

highly efficient, intelligent and citizen-oriented cities by 

developing urban solutions and new business models, 

integrating the domains of buildings, mobility and efficient 

energy through information and communication technologies 

(ICT). The aim to be achieved is to test and validate these 

solutions allowing their rapid implementation in the market. 

The STARDUST project is showing that the adequate 

integration of these actions, together with other accompanying 

non-technological measures, can provide a valid platform to 

encourage the participation of citizens. The ability to share 

information from multiple inputs and the cooperation among 

citizens themselves will increase their quality of life while 

boosting local economies through a novel productive model 

based on eco-innovation technologies. 

In this context, the transformation of public transport 

towards more sustainable vehicles is a key aspect to improve, 

among others, air quality and noise pollution in cities. In this 

sense, smart and electric buses represent a clear benefit that is 

identified to a different extent with all the challenges shown in 

Fig. 1. In addition to contributing to the reduction of 

atmospheric and acoustic emissions (environmental), electric 

buses are generally associated with greater comfort and 

information (social) for users [5] as well as a better use of 

available energy, just to mention a few of the challenges. 

This work aims to contribute to the development of the 

different aspects that are dealt within the STURDUST project 

and it has been structured as follows. Section II describes the 
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advantages of electric buses and describes the works carried 

out on one of the bus lines in one of the cities participating in 

the project. As can be deduced from section II, the 

communication and monitoring of the data that is collected are 

fundamental tasks to optimize the charging infrastructure and, 

ultimately, integrate the information obtained into the city's 

platform for the benefit of the citizen. In this sense, sections 

III and IV describe the solutions adopted for communication 

and data monitoring, respectively. Finally, conclusions are 

presented in Section V. 

 

 
Fig. 1. Common challenges identified by STARDUST project (left) 

and the associated cities (right). 
 

II. ELECTRIC BUSES AND SMART GRIDS 

In a context in which countries such as Norway, The 

Netherlands, Germany, United Kingdom and France are 

developing plans to ban internal combustion energy vehicles 

in the next few years, electrical mobility is experiencing a fast 

development due not only to the technical improvements on 

electric vehicles but also to the price reduction and energy 

density increase of the batteries [6]. This transport 

electrification is a key element to achieve smart and 

sustainable cities. Electric vehicles offer improved air quality, 

noise pollution reduction, lower energy consumption and, if 

electric energy is obtained from renewable sources, energy 

independence. Due to their higher operation hours and 

passengers per vehicle, electric buses can have the greatest 

impact on the achievement of these advantages in the future 

smart cities [7].  

However, the operation of electric buses entails significant 

challenges for both the electricity distribution network in cities 

and for the energy management of bus batteries. In order to 

reduce the weight of the onboard storage system, electric 

buses optimize the size of their batteries so that they are 

charged multiple times throughout the day, usually at the end 

of each trip. This operation significantly reduces the size of 

the storage but has two important consequences. Firstly, it 

involves high battery cycling, which can reduce battery life. 

To minimize this problem, the size of the batteries is designed 

by anticipating a maximum discharge per trip of around 20-

30%. Secondly, the bus must recharge its batteries in a very 

short time taking advantage of the stop time at the head 

stations of each route, which means that the electricity 

demanded from the electricity distribution grid experience a 

significant power peak that can significantly disturb grid 

voltage stability affecting especially the consumers near the 

connection point. In addition, this problem is exacerbated as 

electric urban transport lines and charging stations increase.  

The characteristics of public bus transportation, and 

especially their predictable routes and schedules, make it 

possible to develop specific infrastructure concerning both the 

vehicle itself and the charging points. Firstly, optimized 

energy management algorithms can be designed for the bus 

batteries in order to improve their life expectancy and 

performance. Secondly, the required charging infrastructure 

can be properly distributed along the city depending on the 

expected electric demand and the characteristics of the local 

electric distribution grid, and operated under dedicated 

management algorithms [8]. This charging infrastructure 

should include stationary battery-based support charge stations 

that can be built close to the charging points of the buses and 

designed so as to manage the power peaks demanded by the 

buses and reduce their impact on the distribution grid. All this 

charging infrastructure configures a global Smart Grid that is 

fundamental to progressively integrate the new electric 

transportation paradigm including not only buses but also 

taxis, shared public electric bicycles and other means of 

transport.  

Different approaches have been presented in relation with 

bus charging infrastructure implementation and management, 

such as the simultaneous planning of electric transit route 

network and fast charging stations with the aid of modified 

genetic algorithms [9], the use of deep learning algorithms to 

optimize wireless power transfer systems coupled to electric 

bus fuel cell charging [10], battery size reduction based on 

specific cost optimization algorithms [11] or the study of 

resilient electric bus operation in the case of disaster events 

[12], among others. For an optimal operation of both the 

electrical storage system of the buses and the operation of this 

Smart Grid, advanced monitorization and communication 

systems are required. 

The city of Pamplona, located in the north of Spain, has 

been fostering sustainable public transport such as integrated 

biogas and hybrid buses for years. Since March 2019, Route 9 

is fully operated by electric buses in a pioneering initiative in 

Spain. Particularly, six electric buses cover the 12.3 km 

distance of the go and return trip, departing every 12 minutes 

from the two terminals, located one at the Arrosadia Campus 

of the Public University of Navarra (UPNA) and the other one 

at the Train Station. The buses have a 44.3 kWh Lithium 

Titanate (LTO) battery, with a rated voltage of 650 V and a 

weight of 550 kg. Both terminals have a fast charging station, 

typically used in public transportation where the buses have to 

be quickly charged during the time stops. The energy 

consumption per trip is around 10 kWh and the bus has about 

3.5 minutes to charge again its battery. This energy 

consumption represents around 20-25% of the rated capacity 

of the batteries. Fig. 2 shows the charging station at the Public 

University of Navarra (UPNA) Campus, when the pantograph 

is connected to the bus.  
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Fig. 2. Bus charging station at Public University of Navarra Campus. 

 

In spite of the positive impact that the electric buses have 

on the city, their electric supply is not straightforward. As 

mentioned before, the electric peaks demanded by the 

charging stations can compromise the quality of the electric 

distribution network causing voltage drops and perturbations. 

The charging peaks of the electric buses analyzed in this paper 

can reach values of around 250 kW, while the average 

consumed power can be lower than 70 kW. Fig. 3 shows an 

example of the charge electric power on a typical day. The 

gaps in the profile are due to the fact that some charges are 

missed when the stop time is not long enough. In addition, 

charging time can vary depending on the battery state of 

charge (SOC) at this moment. The charge electric power 

demanded by the buses is measured once per second by means 

of a Precision Power Analyzer WT1800 from Yokogawa 

which is connected at the AC input terminals of the bus 

charging station. Measured data have been continuously 

collected since March 2020.  

 

 
Fig. 3. Typical charge electric power graph of the electric 

buses at UPNA. Charging peaks can reach values around 250 

kW. 

 

In order to avoid demanding electric peaks from the 

distribution network, a stationary support battery is planned to 

be included at the UPNA bus charging station [13]. This 

battery would be responsible for providing the peak power to 

the buses during the charging time and would charge at a 

constant power from the distribution network for the rest of 

the time. In order to develop optimized energy management 

strategies for this stationary support battery, the 

communication system of the global electric bus network has 

to provide in real time the needs of the next bus to be charged 

in terms of required energy, expected stop time and bus 

battery performance. This aspect is analyzed in the next 

section. 

III. COMMUNICATION SYSTEM 

In order to enable data exchange between electric buses and 

infrastructure nodes, wireless communications based on low-

power wide-area network (LPWAN) standards have been 

employed. In terms of system level requirements, low 

transmission rates (below 50 Kbps) and moderate latency 

values (in the range of 2-5 seconds) are compliant quality of 

service metrics. Moreover, long distance communication 

range is compulsory in order to optimize node number, 

configuration and location. It is worth noting that the proposed 

communication scheme corresponds to vehicle to 

infrastructure links, in which mobile nodes located within the 

urban electric buses communicate with the infrastructure 

nodes, distributed within the city layout. With these settings, 

LoRa/LoRaWAN communications have been considered, 

owing to their long range, low power consumption and ease to 

integrate gateway nodes into cloud enabled infrastructures.  

The supported network topology is a star topology, in which 

the nodes located within the urban buses are directly 

connected to the corresponding gateways, located within 

urban infrastructure, such as street lamp or municipal 

buildings. This provides wireless communication links with a 

relative height difference, minimizing non-line-of-sight 

conditions usually given in vehicle-to-vehicle links. In this 

way, functionalities such as mesh networking can be 

circumvented, reducing complexity and energy consumption 

at MAC level [14].  

To validate the feasibility in the use of LoRa/LoRaWAN 

for this application, radio channel characterization has been 

performed, for an operational frequency of 868 MHz. The 

analysis has been performed considering different types of on 

board nodes: LoRa Dragino, LoRa 3 Click, MWR WAN 1310 

and I-NUCLEO-LRWAN1, whereas TTN Gateways are used 

as infrastructure nodes. Empirical/statistical propagation 

models within urban scenarios have been employed [15], 

based on COST 231 model, considering a height setting of 10 

m for the infrastructure node and 2.5 m for the mobile node. 

The proposed methodology based on coverage/capacity 

estimations is schematically depicted in Fig. 4. 
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Fig. 4. Schematic overview of coverage/capacity LPWAN 

system design. 

 Different wireless link conditions, given geometrical 

disposition of infrastructure node and mobile node in terms of 

grazing angle have been considered, spanning from 35º (Case 

1), 55º (Case 2) and 75º (Case 3). Coverage/capacity relations 

for these cases with LoRa@868MHz is depicted in Fig. 5.  

 

 
Fig. 5. Coverage/capacity estimations for infrastructure to 

vehicle links employing LoRa/LoRaWAN at 868MHz, for 

different transceivers and link conditions. 

 

As it can be seen, worst case conditions provide viable 

communication links in the range of 400 m, whereas less 

severe conditions and the use of lower sensitivity transceivers 

provide communication links in excess of 2 Km. With this in 

mind and considering that the operational service area within 

the city of Pamplona spans in 25.1 km2, service can be 

provided with overlapping coverage with 3 infrastructure 

gateways. Quality of service metrics can also be analyzed by 

obtaining bit error rate (BER) values as a function of 

infrastructure to vehicle distance, which is depicted in Fig. 6, 

for the three different geometrical link configurations. Note 

that larger grazing angles lead to improved BER at low 

distances, as expected from Fig. 5. 

 

 
Fig. 6. BER estimation for infrastructure to vehicle links 

employing LoRa/LoRaWAN at 868MHz, for different 

transceivers and link conditions. 

 

The operation of the LoRa/LoRaWAN links will be affected 

by other elements embedded within the urban clutter, such as 

diffuse scattering given by surface roughness from building 

facades or the impact of vegetation present within the 

communication links. The impact of the later is shown for the 

case of the I2V links to the buses, modelled with the help of 

the Weissberger model [16], and demonstrated by the 

following expression: 

 

          LW = 1.35f 0,284d 0,558,   14m <d<400m                      (1) 

 

where d is the distance in meters between transceivers and f is 

the operating frequency in GHz.  

 

The results, depicted in Fig. 7 exhibiting additional losses, 

as a function of link distance, which can be in excess of 30 dB 

for link distances in the 400 m range, which strongly impacts 

the operation of the system. Gateway deployment in these 

conditions leads to coverage areas in the range of 0.4 km2, 

which implies shifting from initial 3 nodes for city coverage to 

up to 62 gateway nodes to comply with coverage/capacity 

conditions. The increase in path loss directly affects 

coverage/capacity relations, with higher BER values in the 

case of presence of vegetation within the link path, as shown 

in Fig. 8. An equivalent analysis can also be performed 

considering effects derived from diffuse scattering, which is 

given by surface roughness conditions, a case that occurs in 

the presence of non-homogeneous building facades (e.g., 

presence of bricks or other structural elements). As an 

example, considering diffuse scattering modeled by Kirchoff 

model [17], the impact on received signal levels in the I2V 

communication scenario considered in this work can vary up 

to 50% in reflected components with grazing angles in E-field 

incidence range between 70º-90º. 
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a) 

 
b) 

Fig. 7. Coverage/capacity estimations for infrastructure to 

vehicle links employing LoRa/LoRaWAN at 868MHz, 

considering: a) low distance/no vegetation conditions, b) dry 

vegetation within the TX-RX propagation link. 

 

 
a) 

 
b) 

Fig. 8. BER estimation for infrastructure to vehicle links 

employing LoRa/LoRaWAN at 868MHz, a) low distance/no 

vegetation conditions, b) dry vegetation within the TX-RX 

propagation link. 

 

Another relevant aspect to consider is given by potential 

capabilities of node densification and hence, system scalability 

supported by LoRa/LoRaWAN devices. System growth is 

mainly constrained by interference conditions (given by 

physical node distribution and probability of simultaneous 

transmissions), as well as by overall simultaneous traffic 

demands (given by user traffic models and gateway capacity) 

[18-20]. 

As previously stated, the initial prototype and pilot based 

relies on the use of LoRa/LoRaWAN IDE development 

platform. The subsequent hardware development of the sensor 

nodes can be carried out in different ways. A popular approach 

is using platforms, like Arduino and Raspberry Pi, which can 

expedite design and lead to a fast prototyping phase. In fact, 

several off-the-shelf hardware boards can be found in the 

market, including a wide variety of microcontrollers and 

single-board computers. Wireless connectivity to a low-power 

wide area network (LPWAN) using LoRa/LoRaWAN can be 

simply achieved in many of these solutions using dedicated 

boards (e.g. LoRa Dragino shield or MKR WAN 1310 for 

Arduino). This approach sacrifices design customization by 

development time. However, there are so many different types 

of off-the-shelf devices to choose from that a wide range of 

configurations are available. Obviously, based on performance 

optimization only, a fabricated custom board developed 

specifically to the application at hand is the best option. The 

development time and cost are higher, but as the monitoring 

platform is scaled out with several devices, these custom 

hardware boards become the best alternative considering a 

cost-performance tradeoff. Fig. 9 shows a simplified diagram 

of a LoRa/ LoRaWAN sensor node. Signals captured by the 

sensors are pre-processed in the analog domain (e.g. 

amplification, filtering, offset and temperature compensation) 

if required and then they are acquired by the microcontroller 

unit (MCU). Also, off-the-shelf sensor modules can be 

directly connected to the MCU via I2C interface. The MCU 

processes and stores them as needed, forms a LoRaWAN 

frame and drives the LoRa transceiver to transmit the 

LoRaWAN data frame. The transceiver is typically in charge 

This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2021.3077846

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.



8  IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 

 

of the LoRa physical layer protocol, while the MCU manages 

the LoRaWAN protocol stack, the sensors and the application 

software. The 868 MHz ISM band is used. Concerning power 

supply, a rechargeable battery is employed as energy storage 

element. Optionally, energy harvesting can be employed to 

recharge the battery, increasing the battery lifetime. The most 

suitable energy harvesting transducers on the bus are 

photovoltaic cells (when the sensor node is placed on the roof 

top) and piezoelectric, electrostatic or electromagnetic 

transducers to capture energy from vibrations caused by the 

movement of the bus. The initial implementation considers the 

inclusion of power meter sensors for battery 

charging/management operations. The scalability of the sensor 

node platform enables the inclusion of additional 

analog/digital sensors as a function of future requirements. 

 

Sensors
Analog 

Front-End
MCU

LoRa 

Transceiver

Battery
Power 

Management

Energy 

Harvester

Regulated VDD

 
Fig. 9. Schematic diagram of the wireless sensing node. 

IV. MONITORING APPROACH 

Cloud-based monitoring systems, which usually include 

both vehicle tracking and operation monitoring, are designed 

specifically to improve the daily operations of city buses. 

Buses include a communication gateway, which sends, 

periodically or on-demand, operation and location information 

to the management system. Data gathering is performed 

through the LoRa connectivity of the measurement devices 

located on the bus and on the pantographs located at the start 

and end of the transportation line. Location data is used to 

grant bus tracking for the purpose of notifying users when the 

vehicle is expected to arrive at each bus stop, but also to study 

the overall traffic flows in order to optimize the city's traffic 

and ensure urban transport efficiency. Data collection is 

performed Data operation includes the estimated occupation of 

the vehicle, the flow of passengers getting on or off the bus at 

each bus stop, the temperature and humidity of the vehicle, the 

incidents that the driver wishes to record, the notification of 

traffic incidents or of the vehicle itself, and many others. In 

our case, we include additional information regarding the 

monitoring of the vehicle's batteries. The aim is to monitor the 

vehicle's autonomy, in order to achieve an efficient 

consumption and optimize charge cycles of the batteries, but 

also to carry out the least possible number of recharges and 

thus achieve a longer life of the batteries. 

The monitoring system deployed is a cloud-based solution 

over a set of VMware virtualized Ubuntu 18 machines. The 

monitorization system, depicted in Fig. 10, has four layers. 

The data acquisition layer includes two Apache components 

called NiFi and Kafka, which are in charge of large quantities 

of data acquisition from buses (via LoRa, as described in the 

previous section). NiFi [21] transforms data to allow its proper 

storage into a MySQL [22] database. Apache Kafka [23] 

follows the subscription-publication paradigm on messaging 

queues and allows offering the acquired (published) data at the 

disposal of the subscribed MySQL database. Data is stored in 

our case into a MySQL relational database, and finally, the 

Visualization Layer includes a Grafana [24] analytics 

visualization web application, a map visualization tool based 

on the Leaflet Javascript library [25] and Swagger [26] to 

provide a RESTful web service for data publishing. The 

Machine Learning Layer includes the use of TensoFlow [27] 

and Keras [28] open source libraries, which allow analytics 

and machine learning processing pipelines. Data collected is 

analyzed using Machine Learning (ML) models previously 

generated in batch in conjunction with historic and persistent 

data that can be accessed in real time from APIs in Java, R and 

Python, to implement customized algorithms, statistics, time 

series analysis or classification and clustering algorithms 

 

 
Fig. 10 Monitorization system architecture 

 

 

As an example, Fig. 11 illustrates one of the monitoring 

dashboards developed. It the average and maximum power of 

each charge, the elapsed time between charges, the energy 

consumption, temperature, relative humidity, insolation and 

energy charge information. In particular, the obtained charging 

profiles can be exploited as described in Section II. 

 

 
Fig. 11 Monitorization dashboard (Grafana). 

 

Fig. 12 shows in more detail the information provided by 

the proposed monitoring system. This information allows for a 

better understanding of both the recharging and operating 
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cycles of the buses. This allows the entire life cycle of the 

buses and of the recharging systems to be monitored. The 

system allows dynamic selection of the monitoring periods, 

which facilitates the search for and identification of behavioral 

patterns and anomalies, and the automated creation of reports. 
 

 
a) 

 
b) 

Fig. 12 Dashboard graphics: a) average power of a charge 

and b) use of the cursors to obtain specific values. 

The system includes a machine learning module, which 

aims to support technicians in the detection of operating 

patterns, as well as to prevent system failures due to out-of-

range operations, facilitate predictive maintenance and, in 

short, help in the proper decision-making in the operation of 

the electric bus fleet and the recharging system. Keras 

provides an API to create and train deep learning models with 

TensorFlow. Both together allow the analysis of monitoring 

data sets to identify such patterns of operation. The ML 

module uses a set of convolutional neural networks (CNNs), 

which perform well when analyzing visual imagery.  In our 

case, the monitoring system provides, among others, the 

graphs of power consumption and electric charge. These 

images feed into a set of CNNs, which are trained to identify 

different patterns and address different issues. Although each 

network may have some differences from the others, these 

CNNs basically consist of an input layer, whose size is 

determined by the size of the graphs (the higher the resolution 

of the graphs the higher the number of input neurons), 

followed by two Conv2D-Max_Pooling2D layers, followed by 

a flatten layer, and then followed by two Dense (ReLU and 

SoftMax)-Dropout layers. As a result, the obtained networks 

can analyze the values provided in real time by the monitoring 

system and show whether or not a malfunction is occurring, 

and identify operation patterns.  

We capture the graphs of the monitoring system we are 

interested in on an hourly and daily basis with the aid of a 

script and we use these graphs to build a set of training 

samples. These samples are labeled with the help of experts 

and used to train each network with its corresponding training 

set (electrical recharges, power consumption, path lengths...).  

 

 

  
Fig. 13 Monitorization dashboard (Grafana). 

 

The dashboard is complemented by an interactive map that 

shows in real time the location of the vehicles, whether or not 

they are charging their batteries, and their charge level. This 

interface is very easy to implement with the help of the Leaflet 

library [25]. Fig. 13 illustrates the graphical interface. In this 

case, the first bus is charging at the bus stop located at UPNA 

and its battery is at 22% of capacity, while the second one is 

charged (98%) at RENFE’s bus stop. The blue indicators show 

that both buses are stationary, they are about to start their 

journeys and they are on schedule. 

V. CONCLUSION 

Within the European Stardust project, this work shows some 

results related to the integration to the city platform of the 

sensors data generated in electric buses, including the 

monitoring of the state of the batteries. These data are relevant 

to increase the life of the batteries and to be able to optimize the 

operation of the charging stations and the charging cycles of the 

buses in the city. In order to develop energy management 

strategies that are truly optimized, it is necessary to have a 

communication system that provides, in real time, the needs of 

the next bus to be charged in terms of energy required, expected 

stop time, status of the batery, etc., including machine learning 

modules that collect patterns from the system itself and fine-

tune needs that can reduce decision-making times. Finally, a 

complete communication coverage analysis considering 

different aspects has been also presented We hope that this 

experience will be useful to other cities and contribute to the 

development and integration of electric buses into smart cities in 

a practical manner. 
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