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1. Introduction 

  This study aims to present the evaluation of the results regarding the demonstration of 
the solar panels installed on two buses of Horários do Funchal (HF), in September 2019. This 
photovoltaic (PV) system generates electricity to power auxiliary electrical systems (ITM-
Intelligent Transportation Management system, cameras, interior lighting), thus reducing the 
alternator’s effort and battery discharges. Between January and September 2020, the reduction 
of diesel consumption and consequent air pollutant emissions were evaluated, considering that 
1 kWh of electricity generated allows to avoid the consumption of 1 litre of diesel, according to 
information from the PV manufacturer. 

 This system provides a fundamental solution for the need to reduce fuel consumption 
and pollutant emissions associated to the public transport service, especially in urban centres, 
thus contributing to the environment and public health by reducing air pollution and 
harnessing renewable energy. 

 

Main objectives of the study: 

• Determine the potential of electricity generation by photovoltaic systems mounted on 
buses roofs; 

• Compare the generation of solar power of the two buses; 

• Study the fuel consumption pattern of the two buses; 

• Assess its influence on fuel consumption; 

• Analyse the relationship between the service carried out and the electricity generated 
from the solar panels. 

This study consists of the following chapters: 

• Introduction; 

• Methodology; 
 

• Bus characterization;  

• Characterization of the photovoltaic systems; 

• Result analysis; 

• Conclusions; 

• Annexes. 
 



Demonstration of the application of photovoltaic panels on Horários do Funchal buses 
MAD7.1 – Electrical vehicles and clean fuels for public transport and urban fleet 

5 
 

2. Methodology 

The study started with the collection of information for the characterization of the two 
buses selected for this demonstration as well as the urban routes that these buses normally 
carry out, in the municipality of Funchal. 

These buses were selected by HF because they are equipped with the most auxiliary 
electrical systems on-board, in comparison to the other buses of the fleet, and information is 
collected for the characterization of the bus electrical systems, which constitute some of the 
energy consuming components as well as the alternators that are responsible for electricity 
generation. 

According to the information provided by Solarbus, the characterization of the installed 
solar systems, their configuration and their principle of operation were carried out. 

The analysis of the PV system is an experiment and consists of the interpretation of the 
records on solar energy generation, distance travelled and respective fuel consumption for a 
period of 9 months, from January to September 2020. 

Among the data obtained, the voltage and electric current records were found at the input 
and output of the charge controller, regarding the solar photovoltaic systems and the battery, 
respectively. 

At the end of January, a new version of the charge controller was installed that allowed the 
buses’ location to be recorded via GPS. 
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3. Bus characterization 

The Volvo model B12 BLE buses were selected for the demonstration. They are low entry 
type buses with two passenger access doors and have diesel engines with approximately 12,000 
cm3 located at the rear of the bus. The buses are about 11 metres long. They have approach, 
break-over and departure angles of 8.5 °, 8 ° and 7.8 ° respectively. Annex A provides a summary 
of the characteristics of these buses. 

 

Manufacturer Model Gross weight License plate date Emissions Class 

Volvo B12 BLE  19ton 9/1/2008 Euro 5 
Figure 1 - General characteristics of buses 408 and 419 at the service of Horários do Funchal 

 The selection process of the buses, on which the solar photovoltaic systems were 
mounted, considered that the Volvo B12 BLE buses are equipped with a higher number of 
auxiliary electrical systems, such as ticketing system, passenger monitoring system, surveillance 
system, bus monitoring information system, which, at the outset, are associated with a greater 
electricity demand. Since these two buses have also served as a testing platform for the referred 
systems by Horários do Funchal, this PV installation will allow them to be better prepared for a 
possible increase in electricity needs resulting from future installations of electrical appliances, 
such as Wi-fi network, USB chargers and other similar devices. 

In addition to a simplified installation process of the photovoltaic systems, as they have 
the same electrical systems and configurations, and through the analysis and comparison of the 
electricity generation data of the two buses, we intend to obtain, from this experiment, a more 
representative and reliable sample of results from the PV systems installed. 

3.1. Electrical systems characterization 

3.1.1 Alternators 

The alternator is a component that is attached to the engine by means of a belt, which 
is responsible for generating electrical energy to maintain the batteries’ charge level. Its rotation 
generates electrical energy in alternating current that is later rectified and used to charge the 
batteries. A higher charging power in the alternator results in an increase in the engine load and, 
consequently, an increase in fuel consumption and pollutant emissions. Thus, it can be stated 
that a high electricity consumption represents, indirectly, a high fuel consumption. 
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Figure 2 - Bus alternator, coupled to the engine by a belt 

 The typical efficiency rate of an alternator is between 55% and 80%, which means that 
only that proportion of the mechanical energy supplied by the engine through the belt is 
converted into electrical energy. Considering the entire energy conversion chain, from the 
conversion of the energy contained in the fuel to its transformation into electrical energy, it is 
expected that this process will present an efficiency rate between 10% 1and 21%2. Note that 
these efficiencies are variable and difficult to measure. Typically, these efficiencies are 
determined through laboratory tests by the manufacturers themselves, following specific 
requirements for these components. Similarly, there are factors that affect the efficiency of both 
internal combustion engines and alternators such as their state of conservation, operating 
temperature, among others. 

3.1.2 Auxiliary electrical systems 

To characterize the electrical systems of the buses, we tried to find the approximate 
rated power of various electrical components such as of the lighting system, ticketing system 
and other auxiliary equipment. 

 
 

Table 1 - List of lighting systems, quantity and power 

Lighting systems Quantity Power per unit Total Power 

Main beam headlights 2 70 W 140 W 

Rear lights 6 15 W 90 W 

Destination display panels (front and sides) 2 - 200 W 

Interior lights3 20 - 288 W 

TOTAL 718 W 
 

Table 2 - List of auxiliary equipment and power 

Auxiliary equipment Power 

OSS (Operational Support System) 2.5 W 

Ticketing system (Concentrator, validation and printer) ≈7.5 W 

CCTV (Surveillance system, only in bus 408) 48 W 

TOTAL 58 W 

The approximate total rated power of the systems considered is between 700 W and  
800 W. In the case of rated powers, it is expected that the needs of the buses in terms of electric 
power will vary according to the equipment in use. 

 

 
1Approximate efficiency claimed by Solarbus. (1kWh of electric energy ≈ 1 litre of fuel) 
2Approximate efficiency claimed in the white paper “Improving Alternator Efficiency Measurably Reduces Fuel Costs” by Mike 

Bradfield (Remy, Inc.) (pag.3) 
3 Interior lighting consists of nearly 20m of LED lighting ribbon, with an approximate power of 14,4 W per meter. 
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4. Characterization and installation of photovoltaic systems 

Horários do Funchal, together with AREAM, studied the existing photovoltaic solutions on 
the market. The Norwegian company, Solarbus, was identified as having the solution with the 
most interesting and promising results, since it had already carried out similar demos in Norway 
and Chile. 

Thus, contacts were initiated, and in July 2019 a technician from Solarbus visited HF to 
present the company and its products in this area. In August, the photovoltaic systems were 
purchased and during September the Solarbus’s photovoltaic systems were mounted on the two 
buses. According to the manufacturer’s data, the materials and components of the systems have 
a life expectancy of 25 years, each system weighing around 36 kg and includes three sets of 
photovoltaic panels and a charge controller. 

The advantage of the photovoltaic system being a “plug-and-play”, universal and 
adaptable to any type of diesel bus was identified as a selection criterion for this system. The 
system also has a charge controller that allows to monitor several parameters of the 
photovoltaic system, being another advantage for the analysis of the results, which will be 
presented further ahead in this report. 

In September 2019, a public presentation of the installed photovoltaic systems was 
carried out. A communication campaign was also developed, with a bus wrap displaying the 
installed solution. In addition, an article was prepared for publication in the media. 

 
Figure 3 - Public presentation session of the installed systems, September 2019 

4.1. Solar Photovoltaic Panels 

The roof-mounted solar panels are of the CIGS type, flexible, each with an approximate 
length of 2360mm and a width of 410mm. One of the advantages of using this type of panels is 
their resistance to shock and vibrations, which makes them the ideal option for bus roofs. 

The photovoltaic array consists of 14 panels. These are arranged in three sets, connected 
to the three inputs of the charge controller. Sets 2 and 3 are composed of 4 panels connected in 
series in pairs of 2 and connected in parallel (2P2S). Considering the individual characteristics of 
the panels, the open circuit voltage of each set is about 98 V, while the rated power is around 
340 W. Set 1 is composed of 6 panels connected in a 3P2S configuration resulting in a rated 
power of 510 W at a voltage of 98V. Considering the entire photovoltaic solar system, composed 
of these three sets, it has a rated power of about 1 190W. 
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Set 1 Sets 2 e 3 

  

Configuration: 3P2S Configuration: 2P2S 

Figure 4 - Configuration of the photovoltaic panel system 

 The mounting of the panels on the bus roof consisted of gluing them on the external 
surface of the roof, in the area available, interspersed by the skylights on the roof. The electrical 
cables and the respective connectors are housed inside a longitudinal cable duct for protection 
from abrasion and damage from the exterior. The bus roof is slightly curved, and this shape is 
transmitted to the flexible panels. 

The cables of the three solar photovoltaic systems are redirected to the interior and 
connected to the charge controller. Annex B presents the technical characteristics of the panels. 

4.2. Training and photovoltaic system installation 

In July 2019, in scope of the installation process of the Solarbus’s photovoltaic systems, a 
technician provided theoretical training on the systems to be installed at the Horários do Funchal 
facilities. The training focused on explaining all the necessary procedures for the correct 
installation of the systems, highlighting the precautions to be taken with the electrical 
connections, wiring between photovoltaic panels, charge controller, circuit breaker and the 
other components of the system. Eight technicians took part in this training, namely  
4 electricians and 4 engineers. 

 

 
Figure 5 - Training session, July 2019 
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Figure 6 - Installation process of the photovoltaic systems, September 2019 

The electrical technicians of Horários do Funchal who participated in the theoretical 
training and in the PV installation process can carry out the future installation of these types of 
systems as well as the maintenance operations of the installed systems. 

   
Figure 7 - Configuration of the installed panels on the bus roof  

4.3. Charge Controller 

The charge controller of the photovoltaic system consists of a device that connects the 
photovoltaic panels and the battery system of the bus. The charge controller delivers power 
from the three independent photovoltaic systems, each controlled by a MPPT (Maximum Power 
Point Tracking) module that allows to optimize and take advantage of the electrical energy 
captured by the photovoltaic panels. The charge controller is also responsible for regulating the 
output voltage from the panels to the batteries. The connection to the batteries has a main 
switch and a fuse for protection. 

The charge controller was installed inside the bus, behind the driver's seat. This location 
allowed the charge controller to be in an accessible area and close to the battery system that is 
in the front area of the bus. 

Set 1 

 

Set 2 

Set 3 

510 W 

340 W 

340 W 
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Figure 8 - Photo of the charge controller installed behind the driver’s seat and schematic diagram of the controller 
between the photovoltaic panels and the batteries 

 The charge controller also has a data acquisition system, which records the electrical 
parameters of the photovoltaic sets and the charging of the battery system, with a data 
acquisition rate of about 5 seconds. The charge controllers are equipped with GPS modules that 
allow associating the electrical parameters of the system with the geographic location of the 
buses. Regarding communication, the charge controller can transmit data in real time to a 
specific platform over a mobile network. Alternatively, the system is also able to store the data 
and download it to a digital platform via a Wi-fi, GSM connection or physically via a USB  
pen drive. 

Annex C presents the technical characteristics of the charge controller. 

4.3.1 Monitoring platform 

The monitoring platform, known as Condition Monitoring System (CMS), can be 
consulted on the internet via user authentication (https://solarbus.anycon.eu/madeira/). This 
platform allows the visualization of various parameters of the photovoltaic systems such as 
electric energy generation by daily, weekly, monthly and annual intervals, as well as total 
voltage, current, and power of each photovoltaic set installed on both buses. 

 
Figure 9 - Online platform for monitoring parameters of installed photovoltaic systems (Condition Monitoring System) 

  

Set 1 

Set 2 

Set 3 

Controller Batteries 

Main switch and fuse 

https://solarbus.anycon.eu/madeira/
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4.4. Principle of operation 

 The installation of the photovoltaic systems on the bus roof is aimed at reducing fuel 
consumption. This reduction involves supplementing the bus's electricity needs with energy 
produced on site from the solar panels. It is expected that the alternator operates at a lower 
rate to maintain the battery charge level and considering that the alternator is coupled to the 
engine, a lower load is expected, which would result in a reduction in fuel consumption. 

 This system can be divided into three different groups: The generating group, which 
include the photovoltaic system and the alternator, the storage group, which comprise of the 
batteries and finally the consumption group, defined by the main and auxiliary electrical 
systems. The following figure represents a simplified scheme of the system and the energy flow 
diagram. 

Generation Storage Consumption 

 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 
Figure 10 – Electrical system diagram with energy flow for the buses with photovoltaic systems 

It should be noted that a large amount of the fuel consumed by buses is intended to move the 
bus itself. The alternator is an auxiliary system to the engine, as are also water and oil pumps for 
example, and it is desirable to minimize the indirect fuel consumption associated with the 
operation of these systems. 

Mechanical Energy Electric Energy Solar Energy Chemical Energy Legend: 

Main and auxiliary electrical systems Photovoltaic panels 

Solar radiation 

Fuel 
Alternator 

Internal Combustion Engine 

Controller 

Batteries 



Demonstration of the application of photovoltaic panels on Horários do Funchal buses 
MAD7.1 – Electrical vehicles and clean fuels for public transport and urban fleet 

13 
 

5. Result analysis 

In this chapter, the results for the analysis period are presented and interpreted. Firstly, the 
patterns of electricity generated from the photovoltaic systems were analysed and subsequently 
compared to the pattern of the public transport service. The photovoltaic systems were 
characterized according to their capture performance, efficiency and operating powers and, 
finally, an analysis of the electricity generation based on the geographic location of the buses 
was carried out. During the analysis period, the fuel consumption patterns were studied, and 
the reductions associated with the electricity generated from the photovoltaic systems were 
estimated. Finally, an economic and environmental analysis was carried out using various 
considerations, such as the configuration optimization of the current system and the generated 
energy adjustment according to the solar radiation available in the municipality of Funchal. 

5.1. Photovoltaic electricity generation 

It was not possible to monitor the parameters of the photovoltaic systems between 
September and December 2019, due to the configurations and communication limits of the Wi-
fi network.  Problems were also identified in the operation of the charge controllers. In January 
2020, a technician from Solarbus came to Madeira and installed two new charge controllers and 
configured the communication network, making it possible to download the data in real time, 
since the energy data transmission is via GSM. 

It was decided to extend the evaluation period until September as the data collected 
between March and May showed that during these months, less bus services were carried out 
as new lockdown measures came into force due to the COVID-19 pandemic, affecting the 
Horários do Funchal’s urban route service. For both buses, electricity generation dropped, on 
average, between 32% and 39% in the months following March, in view of the referred 
constraints. 

 

 
Figure 11 - Electricity generation between January and September 2020 

 

Table 3 - Total and average daily electrical energy generation for the photovoltaic systems 

 Bus 408 Bus 419 

Total generation [Wh] 114 996 95 327 

Generation days4 260 251 

Average daily generation [Wh] 442 380 

 

 
4 Days with generation data including days on which buses did not run. 
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Figure 12 - Average daily energy produced between January and September 2020 

5.2. Public transport service 

 It was found that from May onwards, when more bus services were carried out, 

the average daily photovoltaic generation had only a small increase. When comparing the 

monthly PV generation with the distance covered, a slight decrease for both buses was noted. 

 
Figure 13 - Average monthly generation according to the travelled distance 

 The photovoltaic systems performed best during the months prior to the lockdown 
period (i.e., January and February), both in terms of total electricity generation and average daily 
generation. On the other hand, from May onwards, there was a drop in generation in relation 
to the distance travelled. The reduction in this performance indicator may have been affected 
by changes in service frequency, travel routes, daily schedule of the service performed and even 
in the patterns of electricity consumption in that period. 

5.3. Photovoltaic system performance 

In this sub-chapter, the aim is to study the performance of the photovoltaic systems in 
greater detail, by analysing the experimental data. The performance of these systems reflects 
the combination of all factors that may have influenced the electricity generation, such as bus 
operation schedule, electric energy demand and sun exposure. 

This characterization was comprised on the analysis of the solar energy captured by each 
set of the photovoltaic system, energy losses and systems’ efficiency, comparison of the energy 
produced with the system electric power and, finally, the observation of the electricity 
generation patterns based on the geographic location of the buses. 

It should be noted that, around mid-February, set 1 of the photovoltaic system of bus 
419 presented a malfunction that affected the functioning of this system. This malfunction 
appeared to be related to a short circuit in the electrical connections of this set and remained 
practically inoperative until the end of the analysis period. This circumstance allowed to draw 
some interesting conclusions regarding the functioning patterns of the photovoltaic systems 
when contrasted with the performance of the photovoltaic systems of bus 408. 
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Annex C presents some of the parameters analysed in the characterization the photovoltaic 
systems regarding their operation during the analysis period. 

5.3.1 Solar energy capture 

The energy captured refers to the energy measured at the output of the different sets 
of the photovoltaic system. This energy refers to its capacity in converting solar energy into 
electrical energy before being regulated by the charge controller and suffer energy losses during 
that process. 

Analysing the energy captured for bus 408, it was found that each set captured almost 
one third of the total energy. For bus 419, the amount of energy captured by set 1 was affected 
significantly by the malfunction. On the other hand, sets 2 and 3 captured a similar amount of 
the total energy captured, between 43% and 46%. 

Bus 408 Bus 419 

  
Figure 14 – Captured energy by each photovoltaic set 

 Analysing the daily pattern of energy captured, in a cumulative manner, a slight 
difference can be noticed between the systems of the two buses. The capture pattern of the 
photovoltaic system of bus 419 seems to follow better the typical pattern of solar energy 
available throughout the day. On the other hand, the photovoltaic system of bus 408 captured 
more energy in the period between 10:00 and 12:00. 

Bus 408 Bus 419 

  
Figure 15 – Daily cumulative captured energy for the various photovoltaic sets (30-minute intervals) 

 Comparing the accumulated daily energy capture patterns of both buses, some 
similarities and differences were identified. Firstly, it was identified that for both photovoltaic 
systems, energy generation occurred approximately between 8:00 and 20:00, which 
corresponds, roughly, to the duration of the days for the analysis period under study. 

To evaluate the performance of the different photovoltaic sets, the energy captured 
during the analysis period was compared with the area of the photovoltaic sets. 
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Table 4 - Energy capture performance indicators of the various photovoltaic sets 

 Area Bus 408 Bus 419 

Set 1 5.8 m2 8 622 Wh/m2 2 763 Wh/m2 

Set 2 3.9 m2 11 982 Wh/m2 16 661 Wh/m2 

Set 3 3.9 m2 12 029 Wh/m2 15 363 Wh/m2 

Photovoltaic system 13.5 m2 10 556 Wh/m2 10 334 Wh/m2 

It was concluded that sets 2 and 3 of both buses, each set with an area of around 4 m2 
and a rated power of around 340 W, were those that presented a better capture performance. 
Although the total energy capture was lower in the photovoltaic system of bus 419, the 
photovoltaic sets 2 and 3 of this bus presented the best capture performance. 

The capture performance of the photovoltaic systems of both buses was very similar, 
around 10 kWh/m2 in relation to the energy captured between January and September 2020. 
This parameter also allows to conclude that, despite the real power of the photovoltaic system 
of bus 419, was reduced to about 680 W due to the malfunction of set 1, the energy capture was 
not significantly affected.  

5.3.2 Efficiency 

To determine the efficiency of the photovoltaic systems of both buses, the recorded 
energy flow from the systems was analysed in an aggregate way. This analysis consisted of 
comparing the different amounts of energy, from the electrical energy captured by each 
photovoltaic set to the useful energy, measured at the input of the battery system. 

 
Figure 16 - Energy flow and energy efficiency in conversion chain of the photovoltaic systems 

 

"Other losses" are characterized by the sum of the energy from the solar panels at times 
when the energy at the output/input of the charge controller was zero. Comparing this energy 
with the total energy captured by the photovoltaic panels, the capture efficiency was calculated, 
which should not be confused with the efficiency of the photovoltaic panels, which for this 
technology is between 13% and 23%. 

The following table shows the different amounts of energy along the energy chain. 

Table 5 - Energy balance and energy efficiency of the installed systems 

 Bus 408 Bus 419 

Captured energy 142 990 Wh Capture efficiency 
97% 

139 986 Wh Capture efficiency 
85% Other losses 4 919 Wh 20 849 Wh 

Conversion losses 23 074 Wh Conversion efficiency 
83% 

23 811 Wh Conversion efficiency 
80% Useful energy 114 996 Wh 95 327 Wh 

  
 Overall efficiency 

80% 
 

 Overall efficiency 
68% 

The conversion efficiency was around 80% for both buses. This efficiency, in fact, 

corresponds to the performance of the charge controller’s conversion system that transforms 

the energy from the photovoltaic system, with voltages up to 98 V, and lowers the voltage to 

the appropriate level for battery charging, between 28 and 30 V. 

Sets 1, 2 and 3. 

Captured energy 

Other losses 

Photovoltaic system Controller 

Useful energy 

Conversion losses 

Batteries 

Capture efficiency 

Global efficiency 

Conversion efficiency 
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Analysing the results daily, the maximum overall efficiencies recorded were around 92% 

for both buses. 

The capture efficiency of the photovoltaic system of bus 419 was around 85%, which allows to 

assume that these losses are mainly associated with the malfunction of set 1 of the system.  

5.3.3 Power 

The maximum power recorded, for both the photovoltaic sets and the charging circuit of the 
battery system was analysed. Annex C shows the maximum power recorded in the analysis 
period. The following table provides a summary of these records. 

Table 6 - Maximum power recorded of the photovoltaic systems and battery charging circuit 

 Rated Power Bus 408 Bus 419 

Set 1 510 W 480 W (April) 414 W (January) 

Set 2 340W 343 W (April) 433 W (June) 

Set 3 340W 304 W (June) 380 W (May) 

Photovoltaic system 1190 W 1034 W (June) 841 W (January) 

Charging - 905 W (April) 744 W (January) 

When analysing the amount of useful energy produced according to the power levels of 

the entire photovoltaic system, it was concluded that most of this energy was produced at 

powers up to 500 W. The amount of useful energy produced up to that power was around 95% 

and 99% for buses 408 and 419, respectively. For both buses, around 55% of the energy was 

produced when the power of the entire photovoltaic system was less than 200 W. 

 
Figure 17 – Generated electric energy for different power levels of the photovoltaic systems 

 

 
Figure 18 – Distribution of the generated electric energy for different power levels of the photovoltaic systems 

 

The photovoltaic system can restore energy to the batteries of the buses when its 

voltages drop. In fact, there is a direct relationship between the power of the photovoltaic 

system and the electrical needs of the buses, as the system will be supplying energy to the 
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batteries at powers close to those of demand. As the rated power of the electrical systems 

analysed was close to 750 W, this balance between the generation and demand powers can be 

seen from the figure shown above. Similarly, it is expected that the maximum powers reached 

by the photovoltaic systems occurred on one off bases, in situations that combined strong sun 

exposure and high energy demand. This could possibly occur when starting the bus engine, 

considering the high power needed for the starter to work. 

From this analysis, it was concluded that the potential for electricity generation from the 

photovoltaic systems was undermined by the low rated power of the installed electrical systems 

in comparison to the installed power of the photovoltaic systems. This finding can also be 

corroborated by analysing the average voltage graphs of the panels according to the hours of 

the day, which gives a good estimate of the solar radiation available throughout the day, 

provided in Annex C. 

5.3.4 Electricity generation with geolocation 

In order to understand the photovoltaic generation patterns of the buses according to 
their geographic location, the georeferenced data on electricity generation was analysed. From 
a preliminary analysis, it was found that the generated energy was concentrated in certain areas 
where there were bus stops and where buses were more likely to be at rest or to run more 
frequently considering that these bus stops are common to the different routes carried out by 
buses 408 and 419. 

The georeferencing of the electric energy generation data did not cover all the available 
data since this functionality was added a few months after the installation of the photovoltaic 
systems. When the software of the charge controllers was updated, which were already 
equipped with a GPS module, the georeferencing functionality was installed. For this reason, 
about 76% and 82% of the energy produced by the photovoltaic systems of buses 408 and 419, 
respectively, could be analysed according to their geographic location. 

The areas identified where a greater generation of photovoltaic energy was observed 
were defined to a circular geographical area considering a radius of about 200 metres. Annex E 
identifies the approximate geographical coordinates of this areas as well as some of the bus 
stops corresponding to them. The main results and conclusions are presented below. 

 
Figure 19 - Areas identified with greater photovoltaic energy generation in the municipality of Funchal 
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Table 7 - Electricity generation according to location of buses 408 and 419 

Location 
Bus 408 Bus 419 Both buses 

Generation [Wh] % Generation [Wh] % Generation [Wh] % 

Horários do Funchal 39 478 45.1% 16 680 21.3% 56 158 33.9% 

Funchal centre  24 165 27.6% 27 712 35.5% 51 877 31.3% 

São Martinho 2 252 2.6% 15 099 19.3% 17 351 10.5% 

Jamboto 6 222 7.1% 1 409 1.8% 7 631 4.6% 

Monumental 1 446 1.7% 5 714 7.3% 7 160 4.3% 

Nazaré 2 648 3.0% 343 0.4% 2 991 1.8% 

Monte 2 299 2.6% 451 0.6% 2 750 1.7% 

Others 9 024 10.3% 10 751 13.8% 19 775 11.9% 

Subtotal 87 534 100% 78 159 100% 192 861 100% 

No geographic data 
available 27 463 - 17 168 - 44 631 - 

Total 114 997 - 95 327 - 210 324 - 

It was concluded that for both buses, a large amount of the electrical energy was 
generated at the Horários do Funchal bus depot, which in the case of bus 408, the energy 
produced at that location represented around 45% of the total. For bus 419, most of its produced 
energy was concentrated in the centre of Funchal, which includes bus stops around Praça da 
Autonomia as well as bus stops and parking spaces around the Almirante Reis parking lot. In the 
area of São Martinho, there was also a relatively high photovoltaic generation, particularly for 
bus 419. This generated energy was mainly concentrated at the bus stops in front of the 
Francisco Fernandes vocational school. 

The energy produced at other locations other than the ones identified above represented 
around 11% of the total energy produced with geographic location data. This energy refers not 
only to other points for which there was not such a high concentration in energy generation, but 
also to the connecting routes for which the buses would be moving. Even so, it was found that 
the connection area between Horários do Funchal and city centre and the area between the 
points of São Martinho, Nazaré and Monumental represented a large proportion of this energy.  

5.4. Fuel consumption 

To determine the reduction of fuel consumption resulting from the installation of 
photovoltaic panels, the correlation between this reduction and the energy produced was 
estimated. This equivalence depends on the conversion efficiency of the energy contained in the 
fuel into electrical energy, through the internal combustion engine and the alternator. 

Knowing the efficiencies of these two systems allows quantifying the amount of fuel 
saved. Simply put, the lower the efficiency of these systems, the greater the expected reduction 
of fuel consumption. Since the exact efficiency of these systems is not easy to determine, the 
expected fuel savings for various combinations of the efficiencies of the internal combustion 
engine and alternator were analysed. This analysis implies that other losses, such as in the 
mechanical connection between the engine and the alternator, are accounted for in the 
efficiencies of these systems. The following figures show the possible reduction of fuel 
consumption for each unit of electrical energy generated by the photovoltaic system. 
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Figure 20 - Expected reduction of fuel consumption through the generation of 1kWh of electricity according to the 
efficiency of internal combustion engine and alternator 

 The reduction in fuel consumption of 1 litre for each kilowatt-hour of electricity 
generated corresponds to a conversion efficiency of 9.7%. In energy terms, it is equivalent to a 
reduction of about 90% considering that the energy density of diesel is around 10.27 kWh / litre. 

In order to detect whether there was any variation in fuel consumption caused by the 
installation of the photovoltaic systems, fuel consumption in 2020 was studied, for the analysis 
period, between January and September. 

The fuel consumption patterns between January and February 2020 were as follows. 

 
Figure 21 - Fuel consumption of the buses between January and September 2020 

Linking these consumptions with the operation of both buses, the average fuel consumption was 
calculated, as shown in the following figure. 

 
Figure 22 - Average fuel consumption of the buses between January and September 2020 

 The average fuel consumption in this period varied between 68.55 and 50.97 l/100km. 
There was a marked reduction in the average fuel consumption, especially in April and May. This 
fact was mainly related to factors such as fewer passengers and reduced traffic in the city of 
Funchal, both caused by the restrictions imposed under the COVID-19 pandemic. As of June, 
these restrictions were eased, being observable a correlation with the average fuel 
consumption, which, even so, remained lower than the average consumption observed in 
January and February. 

Considering a reduction of 1 litre of diesel for each kWh of energy generated by the 
photovoltaic system, the savings would be as follows: 
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Figure 23 - Estimated reduction of fuel consumption with the installation of the photovoltaic systems 

 It was estimated that it was possible to save about 115 and 95 litres of fuel when 
operating buses 408 and 419, respectively. The total fuel savings, with the installation of the 
photovoltaic panels would be a total of 210 litres, during the analysis period. 

In relative terms, these savings ranged between 0.25% and 1.25% of the total monthly 
fuel consumption and represent reductions in the average monthly consumption that varied 
between 146 ml/100km and 837 ml/100km. 

On average, the 210 litres of fuel saved represents 0.5% of the total fuel consumed by 
the two buses, which is equivalent to a reduction in the average consumption of 210 ml of fuel 
for every 100 kilometres travelled. 

 
Figure 24 - Relative fuel reduction with the installation of the photovoltaic systems 

 

In 2019, for the same period there were fluctuations in the average consumption of these 

buses between 3 and 7.88 litres/100km. In April and May 2020, there was a marked reduction 

in the average consumption of up to 17 litres/100km. That said, it was concluded that factors 

such as the number of passengers, type of route, driving manner and traffic have a greater 

influence on fuel consumption than improving the electrical system’s efficiency. 

5.5. Economic and environmental analysis 

To make an economic analysis of the photovoltaic systems, the cost of these systems was 
compared with the expected savings associated with the reduction of fuel consumption. This 
reduction in fuel consumption also allows to avoid the emission of GHG into the atmosphere, in 
particular CO2. 

Bearing in mind that no correlation between the actual electricity generation from the 
photovoltaic systems and the typical solar radiation available for Funchal was verified, a 
complementary analysis was conducted by applying a correction factor to the experimental data 
to analyse the generation potential of the photovoltaic systems. 

The current system was optimized by removing two of the PV sets and having them 
installed in other buses with similar characteristics of buses 408 and 419. For this analysis, it was 
considered that this intervention would have no additional costs despite the need to install new 
charge controllers on the other buses. 
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Annex E refers to the considerations of these analyses and Annex F presents the results 
thereof, including complementary economic and environmental analyses for different powers 
of the photovoltaic systems. 

In short, the following analyses allow to compare the current photovoltaic system and its 
optimization according to the electricity needs of the bus as well as to evaluate the generation 
potential by managing the operation of the buses to maximize sun exposure. 

5.5.1 Analysis based on experimental data (January-September 2020) 

Considering the current photovoltaic system and the results obtained experimentally, 
the expected reductions in fuel consumption and respective economic savings and avoided CO2 
emissions were calculated. Given the cost of the systems, the payback period was determined. 
This analysis was carried out for each of the buses and jointly. The results are shown in the 
following table. 

Table 8 - Estimated annual results, based on data from the experiment, for the optimized current configurations of the 
photovoltaic systems 

 Bus 408 Bus 419 Buses 408 and 419 

 
Current 

configuration 
Optimized 

configuration 
Current 

configuration 
Optimized 

configuration 
Current 

configuration 
Optimized 

configuration 

Average annual generation [kWh] 153.33 393.87 127.10 359.55 280.43 753.42 

Fuel saved [litres] 153.33 393.87 127.10 359.55 280.43 753.42 

Economic savings [€] 153.33 393.87 127.10 359.55 280.43 753.42 

Emissions avoided [kgCO2] 40.94 105.16 33.94 96.00 74.88 201.16 

Payback period [years] 35.87 13.96 43.27 15.30 39.23 14.60 

The photovoltaic system, in its current configuration, becomes limited due to the 
reduced use associated with its installed power. This is reflected in the long payback period 
which, under these conditions, is an unprofitable investment. Considering an optimized 
configuration for the electricity needs of the buses verified experimentally, it would be possible 
to significantly reduce the payback period. 

5.5.2 Analysis with adjustment for solar radiation availability  

To analyse the expected results when the available solar radiation was better harnessed, 
an evaluation of the expected generation was carried out by applying a correction factor based 
on the experimental data. 

This analysis presupposes a maximization of solar energy use which implies, in terms of 
bus operation, an operation with a daily frequency and especially during the periods of the day 
with a greater availability of solar radiation. The results of this analysis are summarized in the 
following table. 
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Table 9 - Estimated annual results, considering the adjustment for solar radiation availability, for current and optimized 
configurations of the photovoltaic systems 

 Bus 408 Bus 419 Buses 408 and 419 

 
Current 

configuration 
Optimized 

configuration 
Current 

configuration 
Optimized 

configuration 
Current 

configuration 
Optimized 

configuration 

Average annual generation [kWh] 291.77 825.36 308.70 873.26 600.46 1698.62 

Fuel saved [litres] 291.77 825.36 308.70 873.26 600.46 1698.62 

Economic savings [€] 291.77 825.36 308.70 873.26 600.46 1698.62 

Emissions avoided [kgCO2] 77.90 220.37 82.42 233.16 160.32 453.53 

Payback period [years] 18.85 6.66 17.82 6.30 18.32 6.48 

Comparing with the results obtained in the previous analysis, based on the experimental 
data, it is possible to conclude that there is the potential to double the savings by making better 
use of solar radiation. This improvement would involve managing the operation of the buses 
with installed photovoltaic systems to maximize exposure to the sun. 
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6. Conclusions 

From the analysis of the parameters for the photovoltaic systems of buses 408 and 419, 
total electricity generation was around 210 kWh between January and September 2020. 
Electricity generation fell sharply in March, coinciding with the beginning of the implementation 
of lockdown measures under the COVID-19 pandemic. It was also found that, as of this month, 
the average daily electricity generation remained low until the end of the analysis period, never 
reaching the values verified in the months of January and February.  

Regarding the electricity generation patterns correlated with the photovoltaic systems’ 
powers, it was found that the installed power was higher than the needs of both buses. It was 
detected that it was not possible to use the electrical energy when the power of the photovoltaic 
systems was greater than 680 W, which corresponds to the needs of the buses. Another analysis 
that allowed to verify this fact was that after the malfunction of set 1 of bus 419, which 
effectively reduced the installed power of the photovoltaic system from 1190 W to 680 W, 
causing an increase in capture performance. About 86% of all energy was produced when the 
total power of the photovoltaic systems was less than 340 W. 

The overall conversion efficiency, which compares the electrical energy captured by the 
photovoltaic panels and the electrical energy measured at the input of the batteries, was around 
80%. This efficiency was lower in the case of bus 419, which was around 68%, with a high 
increase in electrical energy losses from May onwards, coinciding with the period when the 
photovoltaic system had a malfunction. The maximum overall efficiencies recorded, considering 
the daily energy balances, were around 92% for both buses. 

The analysis of the photovoltaic generation data according to the geographic location of 
the buses allowed to conclude that electricity generation takes place with greater incidence in 
certain areas of the city of Funchal. About a third of the electricity was generated at Horários do 
Funchal's bus depot. Another large part was generated in Funchal’s city centre, covering the bus 
stops in the vicinity of Praça da Autonomia. The high electricity yield in the identified areas can 
be justified by the busses running with greater frequency and their stopping at these places, 
both during and out of service. 

It was not possible to verify a direct relationship between variations in fuel consumption 
and solar power generation. It was estimated that the installation of the photovoltaic systems 
allowed to reduce about 210 litres of fuel, between January and September, which represents a 
reduction of about 0.5%. This estimate assumes a reduction of about 1 litre of fuel for each 
kilowatt-hour of electrical energy generated. In energy terms, the decrease in fuel consumption 
is about 2160 kWh, which corresponds to an emissions reduction of 577 kg of CO2. 

The estimated reductions resulting from the installation of photovoltaic systems are 
relatively small when compared to fluctuations in the average consumption caused by factors 
such as bus capacity, slopes and average speed. The lockdown measures imposed under the 
COVID-19 pandemic, which caused a decrease in the number of passengers transported and a 
great reduction of traffic in the city of Funchal, showed a great correlation in the reduction of 
average fuel consumption. 
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To analyse the economic viability of the photovoltaic systems, several scenarios were 
defined. Firstly, it was considered that the installed photovoltaic system and generation patterns 
would be like those verified experimentally. Concluding that the payback period would take very 
long, alternative scenarios were defined for which the photovoltaic systems would be optimized 
to meet the electric power needs of the buses and that the photovoltaic energy generation 
patterns would be corrected considering the solar radiation available throughout the year in 
Funchal. 

Optimizing the current photovoltaic systems would reduce the installed power, which 
would allow the remaining photovoltaic panels to be installed on other buses in Horários do 
Funchal’s fleet. This intervention would reduce the installed power of the photovoltaic systems 
to 340 W or 510 W, thus making it more suitable to the electricity needs of the analysed buses. 
Therefore, the panels currently installed on buses 408 and 419 would allow to be installed on 
another 4 buses. Considering that the electricity needs are similar to those of the analysed buses, 
this intervention would allow an increase of more than twice the total solar power generation 
from the photovoltaic systems in their current configuration, significantly improving solar power 
generation when compared to the installed power. In this context, the payback period would be 
between 6 and 15 years, depending very much on the bus operation management to maximize 
sun exposure. For this configuration, annual average electricity generation was estimated 
between 750 and 1700kWh. 
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7. Annexes 

7.1. Annex A - Bus characteristics and dimensions 

Manufacturer Model 
Cubic 

capacity 
Gross weight License plate date 

Emissions class 

Volvo B12 BLE  12000cm3 19 ton 9/1/2008 Euro 5 

 
Length Width Height Approach angle Break-over angle Departure angle 

10,99m 2,50m 3,12m 8,5° 7,8° 8° 

 

7.2. Annex B – Nominal characteristics of photovoltaic panels and charge controller 

The solar cells are of the CIGS type (Copper Indium Gallium Selenide). 

Solar photovoltaic panels 

Dimensions Electrical characteristics of the panels (STC5) 

 

Length 2361 mm 

Width 411 mm 

Thickness 2.2 mm 

Thickness at connection area 21±1 mm 

Weight 1.9 kg 

 Rated power 85 W Pmpp 

Power tolerance -0W +5W  

Voltage at rated power 37 V Vmpp 

Current at rated power 2.29 A Impp 

Open-circuit voltage 49 V Voc 

Short circuit current 2.53 A Isc 

Maximum system voltage 1000 V IEC 

Maximum fuse amperage 10 A  

 

Charge controller 

Battery voltage 12 or 24V, with automatic battery voltage detection  

Maximum charging current 60A (20A per input) 

Battery maximum voltage 28-32V, (programmable) 

Panel voltage 15-115V 

Standby power <30mA (24V) 

Communication Wi-fi, GSM 

Dimensions 56.3*36*10cm 

Weight 9.2kg 
 

  

 
5 Standard Testing Conditions 
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7.3. Annex C – Photovoltaic systems experimental data 

Power-Voltage analysis for each photovoltaic set 
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Captured energy-Voltage analysis for each photovoltaic set 
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 Bus 408 Bus 419 Buses 408 and 419 

Power of photovoltaic 
system 

Energy produced 
[Wh] 

% of total energy 
produced 

Energy produced 
[Wh] 

% of total energy 
produced 

Energy produced 
[Wh] 

% of total energy 
produced 

≤ 340 W 92570 80.50% 87550 91.84% 180121 85.64% 

≤ 510 W 110261 95.88% 94565 99.20% 204827 97.39% 

≤ 680 W 114766 99.80% 95251 99.92% 210017 99.85% 

≤ 1190 W 114996 100.00% 95327 100.00% 210324 100.00% 
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7.4. Annex D – Generation with geolocation 

Location 
Approximate 
coordinates 

Bus stops 

PV generation from 
both buses 

Generation 
[Wh] 

%6 

Horários do Funchal 32.665258, -16.920179 Facilities of Horários do Funchal, Fundoa 56158 33.89% 

City centre of Funchal 32.647698, -16.905164 Alfândega, 31 de Janeiro, EEM, Teleférico and others 51877 31.31% 

São Martinho 32.650709, -16.944342 Escola S. Martinho, S.Martinho 17351 10.47% 

Jamboto 32.671907, -16.936225 Jamboto, Campo do Marítimo 7631 4.61% 

Monumental 32.641389, -16.949551 ILMA 7160 4.32% 

Nazaré 32.643191, -16.934354 RG3, Nazaré 2991 1.81% 

Monte 32.676549, -16.903658 Largo da Fonte 2750 1.66% 

Other locations - - 19775 11.93% 

Subtotal 192 861 100% 

7.5. Annex E – Considerations 

The following parameters were considered for the diesel fuel. 
Energy density [kWh/litre] Specific emissions [gCO2/kWh] Cost [€/litre] 

10.2677 267 1.00 
 

The following parameters were considered for the current and alternative photovoltaic systems. 

 Installed power 
[W] 

Number of 
panels 

Sets Area (m2) Cost of panels7 
Cost of 

controller8 
Total cost 

Configuration 1 1190 14 3 13.55 3 500.00 € 2 000.00 € 5 500.00 € 

Configuration 2 680 8 2 7.74 2 000.00 € 1 333.33 € 3 333.33 € 

Configuration 3 510 6 1 5.80 1 500.00 € 666.67 € 2 166.67 € 

Configuration 4 340 4 1 3.87 1 000.00 € 666.67 € 1 666.67 € 
The optimized configuration assumes the division of the current photovoltaic systems, with total installed power of 1190W, in three buses: 

two systems with rated power of 340W and one with 510 W. For the economic analysis of this solution, it was assumed that this operation would not 

have additional costs. 

The following correction factors were considered for the adjustment of the expected electric energy 
generation. 

 
Average monthly solar radiation [Wh/m2.day] 

(Funchal) 

Solar radiation correction factor 

 Bus 408 Bus 419 

January 2846 0.83 1.00 
February 3419 1.00 1.20 

March 4643 1.36 1.63 
April 5683 1.66 2.00 
May 5691 1.66 2.00 
June 5601 1.64 1.97 
July 5614 1.64 1.97 

August 5496 1.61 1.93 
September 5043 1.47 1.77 

October 3879 1.13 1.36 
November 2865 0.84 1.01 
December 2481 0.73 0.87 
To calculate the photovoltaic generation potential according to monthly radiation available, the months of higher generation were selected 

(February for bus 408 and January for bus 419) from experimental data. Based on these values, generation potential was estimated by applying 
correction factors of solar radiation for each month. 

 

 

6 Refers to energy produced with geolocation data: 192 861 Wh from the total generation of 210 324 Wh, between January and 
September 2020. This represents 92% of the generated electric energy. 

7A unit cost of 250€ was considered. 
8 It was considered that the cost of the current controller represents about 36% of the total cost of each PV system. It was considered 

a cost proportional to the number of photovoltaic sets for the other configurations. 
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7.6. Annex F – Economic and environmental analysis 

Photovoltaic energy generation (experimental values and with correction factor) 
Bus 408 Bus 419 

  

The expected photovoltaic generation, according to PV system’s power, took into account the production patterns 
verified experimentally, presented in the last table of Annex C. 

 

Legend: C1 – Configuration 1 (1190W); C2 – Configuration 2 (680W); C3 – Configuration 3 (510W); C4 – Configuration 4 (340W). 

Optimized configuration of photovoltaic systems: (510 W + 340 W + 340 W) installed in three buses. 

Based on experimental data (January to September 2020) 
 Bus 408 Bus 419 Buses 408 e 419 

 C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4 

Annual average 
generation [kWh] 

153.33 153.02 147.02 123.43 127.10 127.00 126.09 116.73 280.43 280.02 273.10 240.16 

Fuel saved [litres] 153.33 153.02 147.02 123.43 127.10 127.00 126.09 116.73 280.43 280.02 273.10 240.16 

Fuel savings [€] 153.33 153.02 147.02 123.43 127.10 127.00 126.09 116.73 280.43 280.02 273.10 240.16 

Avoided emissions 
[kgCO2] 

40.94 40.86 39.25 32.96 33.94 33.91 33.67 31.17 74.88 74.77 72.92 64.12 

Payback period years] 35.87 21.78 14.74 13.50 43.27 26.25 17.18 14.28 39.23 23.81 15.87 13.88 

 

 Optimization of photovoltaic systems 

 
Bus 408 + 2 
other buses 

Bus 419 + 2 other 
buses 

Buses 408, 419 + 4 
other buses 

Annual average generation [kWh] 393.87 359.55 753.42 

Fuel saved [litres] 393.87 359.55 753.42 

Fuel savings [€] 393.87 359.55 753.42 

Avoided emissions [kgCO2] 105.16 96.00 201.16 

Payback period [years] 13.96 15.30 14.60 

Based on experimental values applying correction factors of solar radiation 
 Bus 408 Bus 419 Buses 408 e 419 

 C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4 

Annual average 
generation [kWh] 

291.77 291.53 289.43 267.96 308.70 308.45 306.23 283.51 600.46 599.98 595.66 551.48 

Fuel saved [litres] 291.77 291.53 289.43 267.96 308.70 308.45 306.23 283.51 600.46 599.98 595.66 551.48 

Fuel savings [€] 291.77 291.53 289.43 267.96 308.70 308.45 306.23 283.51 600.46 599.98 595.66 551.48 

Avoided emissions 
[kgCO2] 

77.90 77.84 77.28 71.55 82.42 82.36 81.76 75.70 160.32 160.19 159.04 147.24 

Payback period 
[years] 

18.85 11.43 7.49 6.22 17.82 10.81 7.08 5.88 18.32 11.11 7.27 6.04 

 Optimization of photovoltaic systems 

 
Bus 408 + 2 
other buses 

Bus 419 + 2 
other buses 

Buses 408, 419 + 4 other 
buses 

Annual average generation [kWh] 825.36 873.26 1698.62 

Fuel saved [litres] 825.36 873.26 1698.62 

Fuel savings  [€] 825.36 873.26 1698.62 

Avoided emissions [kgCO2] 220.37 233.16 453.53 

Payback period [years] 6.66 6.30 6.48 
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