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Abstract
In order to sum up the whole work done here, it should be explained with a fast overview,
the contents that are going to appear below.
The main purpose of this project is to reduce Barcelona’s dependency of fossil fuels trough
the installation and analysis of a renewable energy model developed at the Incheon
National University Campus (EPSE Lab) that would fit the city according with its resources.
The Renewable Energy Sources are going to be mainly solar and wind energy, quantifying
the energy productions with a simulation software named SAM Energy which will show the
performance depending on several key energy parameters. With its results, is calculated
the energy production capabilities as well as the economical savings.
Keywords: RES, SAM Energy, solar PV panels, wind turbines.
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1 Introduction
1.1 Introduction
Barcelona has experienced a great growth in the recent years. This growth has impacted
in different parameters such as population, wealth or energy demand. Specifically, in order
to handle this growth with the consequently energy demand increase, Barcelona felt the
need to move in other directions different as the current one, which was producing energy
from fossil fuels and, due to that, be a high dependant of this source of energy.
In 1995, approximately de 86% of the energy consumed in the city was being supplied from
non-renewable resources as oil, coal and natural gas. The use of these resources implies
many problems for the environment and its inhabitants. Therefore, it is the new engineer’s
generation responsibility to investigate those topics so that it can be possible to make
actions and decrease as much as possible this percentage of non-renewables sources.
In this project, Barcelona’s potential and energy resources are analysed. Between all the
renewable energy that can be exploited, the main ones in which this work is focused on are
solar and wind energy. Those technologies have been already widely developed in other
countries and the knowhow of its operating procedures it is well-known, which is a great
advantage when it comes to make a project of these characteristics.
Following the lines of the renewable energy plan for 2020 that Barcelona has proposed,
this project proposes several and different energy models based on those two technologies
mentioned above, alongside with energy production simulations and economic analysis.
The purpose of the RES plan is to reduce the dependency of the city of fossil fuels from an
86% in 1995 until a 65% for 2020. This will help the city to be a smarter city, cleaner and
with a clever perspective when it comes to self-energy production.
As mentioned, within this research it is been studied the behaviour of solar PV systems and
wind turbines, altogether with its own capabilities and deficiencies, in order to know and set
the boundaries of them and be able to provide a reliable energy model in order to help the
government of Barcelona to promote this movement to greener scenarios.
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1.1.1 Project Objectives
The main objective of this Master Thesis is to make a high-level picture of the energy system
that it is been developed in Barcelona, Spain. This study contains the renewable energy
resources available for the city, the economic analysis of a big scale implementation of an
energy production system and the matching mix of technologies that can be used in this
region based on the resources that are available.
From this general objective, a series of specific objectives can be generated which are listed
below:
•

Establish a renewable energy resources picture of the city of Barcelona.

•

Identify which are the lacks and virtues of the city in terms of energy availability
and find out where and which is the potential that can be developed.

•

Analyse the initiatives and the funds that the government has destinated for the
development of a greener city and reduce the CO2 emissions.

•

Calculate the energy needs for each building in the city, from households to
buildings of flats and commercial sites. Moreover, extrapolate this unitary energy
needs for the entire city and surroundings (Barcelonès).

•

Establish an energy demand profile for the region and cover this demand as much
as possible with different technologies.

•

Simulate with SAM (System Advisor Model) Energy software which could be the
annual energy production and analyse the several outputs that the program can
bring out.

•

Make several analyses of the different technologies, compare the results (energy
obtained, budget for the project, etc.) and choose the best option according to
the funds available. Define the horizon of the project and its stages.

Even though the scope of this project is focused on the area of Barcelona, the main aim of
it is to make an energy model and a way of analysing regions so that the reader can
understand how to make a complete energy analysis of any desired location.
Besides, this work is trying to explain how potential and energy production should be
calculated and analysed, which are the parameters that the user needs to consider and
how they should be measured.
Finally, this project could be a tool to help governments to go forward on several
implementations of renewable energy production systems, saving money, reducing CO2
emissions and making smarter cities with a higher percentage of energy production coming
from renewable resources, helping humanity to go into greener scenarios.

Feasibility analysis and simulation of a renewable energy system in Barcelona
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1.1.2 Origin of the project
This project comes out due to a collaboration with the Incheon National University located
at the city of Incheon, South Korea. The department where I am working in is the EPSE
laboratory where they carry and develop renewable energy solutions that can be applied in
real cases.
The main origin of the project is based on the high amount of pollution surrounding the area
of Barcelona and how it can be reduced. Besides, a high percentage of energy consumption
is coming from non-renewable energy resources which impact on the emissions and,
therefore, on the pollution. So basically, the main reason of this project is to make a model
of energy production based on renewable technologies in order to reduce pollution and turn
Barcelona into a smarter city.

1.1.3 Motivation
Even though my specialization in my Master’s degree is Management in Engineering I
decided to carry out a project based on renewable energies because during the Master I
have been in contact with several subjects related to energy and I enjoyed getting
introduced to that world and getting to know the background needed.
Besides, I personally think that if I can do something for humanity with all the knowledge
acquired during my studies, is take advantage of it and work on changing the world and
letting it go forward by focusing the direction on a smarter, cleaner and respectful way of
produce energy with all the technologic development we have so far.

1.1.4 Previous requirements
The previous knowledge needed to understand this project is how the technologies, that
are going to appear later in this paper, do they work and how are the build, the range of
efficiency that each of them have, the losses that can appear during the production,
transformation and transport of energy, the capacity of every device needed for the proper
operation of the systems, among other basic concepts of energy.
Is needed a basic tutorial as well on how to use SAM Energy software. Despite it is a simple
software, the user needs to now the significate of every field in order to be able to
understand the results that come out from it.
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1.2 Glossary
•

PV: photovoltaic system, also PV system or solar power system, is a power
system designed to supply usable solar power by means of photovoltaics. It
consists of an arrangement of several components, including solar panels.

•

RES: Renewable energy (sources) or RES capture their energy from existing flows
of energy, from on-going natural processes, such as sunshine, wind, flowing water,
biological processes, and geothermal heat flows.

•

DH: Geothermal District Heating (GeoDH) is the use of geothermal energy (i.e. the
energy stored in form of heat below the earth’s surface) to heat individual and
commercial buildings, as well as for industry, through a distribution network.

•

EGS: An enhanced geothermal system generates geothermal electricity without the
need for natural convective hydrothermal resources.

•

NPV: Net present value is the difference between the present value of cash inflows
and the present value of cash outflows over a period. NPV is used in capital
budgeting and investment planning to analyse the profitability of a projected
investment or project.

•

CSP: Concentrated solar power (also called concentrating solar
power, concentrated solar thermal, and CSP) systems generate solar power by
using mirrors or lenses to concentrate a large area of sunlight onto a small area.

•

TOE: The tonne of oil equivalent (toe) is a unit of energy defined as the amount of
energy released by burning one tonne of crude oil.

•

Azimuth / Tilt angle: The surface azimuth angle is the angle between south and
the horizontal projection of the surface normal. The surface tilt angle is
the angle between the surface normal and vertical.

•

GHI: total irradiance from the sun on a horizontal surface on Earth

•

DHI: radiation at the Earth's surface from light scattered by the atmosphere

•

DNI: amount of solar radiation received per unit area by a surface that is always
held perpendicular (or normal) to the rays that come in a straight line.

•

Weibull K factor: The Weibull k value, or Weibull shape factor, is a parameter that
reflects the breadth of a distribution of wind speeds.

•

Electric and thermal watt (We/Wt): The term electric watt corresponds to the
production of electrical power; the term emphasizes that only power generation
power is spoken without the heat that can be generated. The term thermal watt is
the unit of thermal power, with this concept we want to emphasize that only
the heat generated is spoken of.

Feasibility analysis and simulation of a renewable energy system in Barcelona
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2 Preface
2.1 Barcelona general aspects
2.1.1 Location, size and extension
The city of Barcelona is based on the east coast of Spain, it is located on the shore of the
Mediterranean Sea, about 120 km south far from the Pyrenees and the border with France,
on a small coastal plain bounded by the sea to the east, the Collserola mountains to the
west, the Llobregat river to the south and the Besós river to the north. It is the capital of
Catalunya, one of the autonomous communities in which the country is organized and split
into different regions.
Barcelona has a total extension of 102 km2 (only the city) but the metropolitan area of
Barcelona, which is going to be the area of study of this project, has an extension of 334.6
km2 with 2,819,867 inhabitants. In the following figures, Figures 1 and 2, it can be shown in
a map where exactly is located:

Figure 2. Map of Spain

Figure 1. Map of Barcelonès province

2.1.2 Climate
Barcelona and its metropolitan area have a Mediterranean climate, with mild winters and
hot summers. According to several climate classifications, Barcelona has a warmtemperate subtropical climate. As the city is located on the eastern cost of the Spain,
Atlantic lows often arrive in Barcelona with low humidity producing little or even no rain. The
proximity to the Mediterranean Sea, is the reason why the summers are not as dry as in
many other Mediterranean Basin locations.
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Average temperatures and precipitations
The “mean daily maximum” (solid red line) shows the maximum temperature of an average
day for every month of Barcelona. Likewise, “mean daily minimum” (solid blue line) shows
the average minimum temperature. Hot days and cold nights (dashed red and blue lines)
show the average of the hottest day and coldest night of each month of the last 30 days [1].
The following figure, Figure 3, shows the yearly evolution of the temperatures of Barcelona.

Figure 3. Average temperatures and precipitation of Barcelona

2.1.3 Demography
The population of Spain is 46,440,576. This is a significant figure since the total population
back in 1960 was 30.5 million as reported by Eurostat (it becomes a 52% increase over the
last half-century [2]. As it can be seen at the Figure 4 below, the population for Barcelona
is 1,621,537 inhabitants which represents de 3.5% of the total population of the country.

Figure 4. Spain population classified by city
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According to the census in 2008, Spain had about 46,157,822 inhabitants and 505,992
square kilometres make up the total surface area of this country. This translated to a
population density of about 91.4 people per square kilometre, which is a low density
compared with the rest of Western European Countries.
Spain Population Growth
According to a 2012 estimation, the population growth rate of the country is 0.654% pointing
to the fact that Spain is set to experience slow but steady population growth over the years.
The population growth rate experienced a drastic rise at the start of the 20th century, as
seen on Figure 5, due to a boom in the industrial sectors of Spain and even more so in the
1960s and 1970s.

Figure 5. Spain population trend line (1950-2094)

Even though the population of Spain is based on natives, the country’s population has
increased significantly as a result of migration from Latin America, East Europe, North Africa
and sub-Saharan Africa.
During the 20th century, the population of Spain doubled, although the trend was uneven
due to large-scale migration from rural areas to urban ones with core industries in the
economy.
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2.1.4 Emissions
The Spanish country is showing nowadays 5.14 tons of CO2 emissions per capita [3], but
it is an interesting and positive point to look at the evolution of the charts, on Figure 6, as it
is showing a drop from the year 2005 and still decreasing.

Figure 6. CO2 emissions (total and per capita)

That means that the country is investing and proposing initiatives in order to keep reducing
those harmful emissions (most of the reduction comes from energy production based on
renewable resources).

2.2 Barcelona energy system
Based on the results found at index mundi website [4] we can see that Spain is located at
the 15th position worldwide in terms of energy production with 267.1 billion kWh and in the
16th position in terms of energy consumption with 240.4 billion kWh.

Figure 7. World ranking electricity production and consumption

Despite it is not far in relative terms of ranking position from the first one, which is China
basically due to its extension and huge industrialisation, once reviewed the numbers at
Figure 7, it can be appreciated that China is producing 23 times more than Spain in terms
of billions of kWh.
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2.2.1 Energy distribution
Related with the energy distribution regarding the different kinds of primary energy available
at the country, we can see at the following Chart 1 the variations on the production and
imports during a 20-year horizon:

Energy production and imports (1996 - 2016)
Production and imports [Mtoe]

80
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40
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Chart 1. Energy production and imports in Spain (1996-2016)

The energy production regarding oil has increased a 21.2% as well as the one shown
regarding gas, which has increased even more, around 3.24 times higher in 2016.
Spain is a country that has experienced a great growth over the past years. This growth
has affected the country’s demand, which has increased significantly. Moreover, it can be
seen when doing the comparison between the two Sankey diagrams [5] that are shown
below in Figures 8 and 9. In 1996 the country’s total energy demand was 116.1 Mtoe with
a final consumption of 69.2 Mtoe.
However, in 2016, after 20 years, the total demand energy was 159.2 Mtoe with a final
consumption of 82.2 Mtoe. The total energy demand has increased almost a 40% during
this period.
It should be highlighted the increase of the renewable energies as well (Solar, Tide and
Wind), which has been evolved from 0.1 Mtoe at 1996 until 7.4 Mtoe at 2016, which means
that the country it has been putting efforts on changing the way they produce energy and
betting for renewable resources.

Figure 8. Spain Sankey diagram in 1996

Pg. 20

Report

Figure 9. Spain Sankey diagram in 2016
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Primary energy distribution
As the figures show below, the energy coming from most of the non-renewable resources
has been decreased due to the development and progress of renewable technologies. So,
if we sum up Nuclear, Coal and primary and secondary Oil, in 1995 the percentage of all
those three technologies was around 86% which is letting us know that most of the energy
was coming from non-renewable resources, but if we take a look to 2015 those three
energies have dropped until a 65% of the total energy distribution around the country [6].
Moreover, it is important to highlight that energy coming from geothermal and solar
resources have increased from 0% until 6%, as well as Biofuels and waste which has
increased its share in a 2%, while Hydro has maintained its percentage, as shown on Charts
1 and 2.

Chart 3. Primary energy distribution in 1995

Chart 3. Primary energy distribution in 2015

Now that it can be shown a fair picture of the energy system in Spain, it should be needed
to show which is the performance in Barcelona, as this project is going to be more focused
in this area and it is necessary to know how it was and how it is going to be the paradigm
related to the energy system of the city.
Following the Pla de l’Energia i Canvi Climàtic de Catalunya 2012-2020 [6], shared by the
government of Catalunya, the region where Barcelona is located inside the Spanish
country, we could be able to have an idea which is exactly the energy picture, and which
are the initiatives or investments that the city is taking.
The Figure 10 below shows how the energy produced from renewable resources has been
evolving (and it is expected to evolve) from 2009 until 2020:
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Figure 10. Renewable energy technologies evolution (2009-2020)

So, as it can be seen in the pie charts above, the government of Barcelona is taking actions
in order to increase the percentage of renewables. A clear example of it is the increase of
wind energy which comes from an 8% in 2009 until an expected 28% in 2020.
Even though the city of Barcelona is not a windy city because of its lack of wind speed, the
government is betting for small-scale wind farms or even small turbines installed in
residential and commercial buildings.
Regarding the energy coming from the sun, it is planned to increase in all the technologies
available (solar thermoelectric, solar thermal and solar photovoltaic). Actually, and due to
high degree of hours of sun in the Spanish country, solar energy is a technology which it is
being rising over the last years.
In order to sum up all the information above, the following table is showing the results in
numbers (expressed in kWh/year):

Table 1. Energy production by renewable technology (2009-2020)
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According to the climate change plan that it has been published, he government of
Barcelona has destinated a global investment of 26,400 M€ in terms of renewable energy
projects.
From that amount, 10,433.3 M€ are destinated to a renewable energy plan (in one hand,
8,433.4 M€ to electric energy production in special regime and isolated PV, and in the other
hand, 1989.9 M€ to thermal solar energy and biomass production). Besides, it has been
destinated 9,091.3 M€ to an Energy Efficiency Savings Plan, 5,709 M€ for an Energy
Infrastructure Plan and 1,153.5 M€ to produce electricity in ordinary regime.
Moreover, in terms of wind energy is going to be invested the amount of 5,093 M€, so that
means that the Catalan government is betting in this technology for the future to be
developed, 1,507.2 M€ for solar thermoelectric technology and 1,176.7 M€ for solar
photovoltaic. Finally, it is expected that the end user of this energy around the city of
Barcelona are going to be investing 7,997.9 M€ which are subdivided into 2,907.9 for the
domestic sector, 2,221.2 M€ destinated to services and 2,000.3 M€ for the industrial sector.
After all these investments and initiatives mentioned before, the picture expected for the
evolution of renewable energy in Barcelona is shown on the following Chart 4:

Renewable vs Overall consumption
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Chart 4. Renewable vs. Overall consumption trend (2007-2020). Own elaboration.

Clearly it can be seen that consumption based on RES is going to increase as it is easy to
see at the chart above that the city is going to evolve from a 5.54% of renewables
consumption in 2009 until almost a 21% in 2020 which turns in a good trend if we relate it
to the past years [6].
Later in this work it will be shown, alongside with the demand profile of the city, which can
be the percentage of energy that can be covered with RES, considering the economic side
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at the same time. The obvious consequences after all those moves are the ones which the
government was looking for, which is the reduction on the CO2 emissions. The evolution of
this reduction can be appreciated at the figure below:

Figure 11. CO2 emissions decrease trend in Barcelona (2005-2020)

As it is shown in the graph above, the total emissions in equivalent tones of CO2 have
decreased from approximately 48% until roughly a 35% what it turns in a 25.3% drop.
The government of Barcelona is taking some other actions, like promoting the public and
electric transportation or preventing cars to circulate by the street of the city in some specific
days, in order to reduce the levels of pollution and the CO2 emissions.
So, all this actions that are being taken, are focused towards turn Barcelona in a cleaner
and green city.

2.2.2 Energy sources
2.2.2.1 Non-renewable energy sources
At the previous analysis that has been carried out at the primary energy distribution charts,
it is possible to see that the Spanish country is highly dependent on non-renewable energy
sources such as coal, natural gas, oil and nuclear energy (still in 2015 an 86% of the primary
energy it is being supplied by non-renewable sources).
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According to the graph extracted from the International Energy Agency Atlas of Energy
(Figure 12, the one on the left), in 2015 the self-sufficiency of Spain was around 27% which
means that within the whole country, only that percentage of energy it is being self-provided
and supplied by renewable sources [7]. Even though, there is lot of room for improvement
at the self-sufficiency of Spain, from 2015 until now the trend is positive and is continuously
increasing. That is due to the momentum of creating initiatives that the government are
carrying out and, for the future, it is expected that this is going to get better.

Figure 12. Self-sufficiency trend in Spain (left) and in Barcelona (right)

Despite this, at the Figure 12, on the right, it can be appreciated that the self-sufficiency of
the city of Barcelona is not that high compared with the Spanish one [8]. Actually, only
291.53 GWh/year out of 17,001.78 GWh/year can be provided from renewable energy
sources which leads Barcelona to have only a 1.7% of self-sufficiency.
So that, this is the reason why the government of the Catalan city is investigating on which
could be the alternatives or the main actions that could be taken in order to improve this
metric.
2.2.2.2 Renewable energy sources
As is has been demonstrated in the previous points, Barcelona is not currently making that
much use of its own renewable energy resources. However, this does not mean it does not
have. In the following section it is going to be analysed all the renewable energy sources of
Barcelona and check whether they have potential or not, or even which are the initiatives
that the government is taking in order to exploit these technologies.
Solar energy
As it can be seen at the figure 13 below, there is a yearly average of 9.03 sunny days and
15.83 partly cloudy days. Even though the partly cloudy days are less sunny than the sunny
ones, they can still be counted as days that solar energy can be used and taken profit from.
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So that means that, counting the partly cloudy days too, the probabilities of using solar
energy increase significantly as considering both categories turn out to be an 83%
percentage of sunny days [1] that the solar systems can be working and transforming and
supplying energy from the sun each month.
Taking into consideration that the partly cloudy days are not as effective as the sunny days
are and applying a 40% reduction of efficiency at the partly cloudy days, it turns that the sun
could provide energy the 62% of the days every month, which leads to think that solar
energy is a good renewable resource for the city, in terms of availability and efficiency.

Figure 13. Detailed sunny and partly cloudy days per month and average precipitation days in Barcelona

It is also fair to comment that the implementation of a solar system cannot rely completely
on the data provided before as solar energy is unstable and it is not possible to be
dependent on the numbers shown above but gives an idea of how much energy could be
produced from this renewable source.
Besides, the government of Barcelona has developed an interesting tool [9] which shows
the potential of solar production with photovoltaic and solar thermal systems. The map
below in Figure 14 is trying to show the future picture of the city in terms of availability of
energy potential if all the residential houses would be able to install solar systems at each
rooftop.

Figure 14. Solar PV potential map in Barcelona
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As It can be seen at the map in Figure 15, the map is drawing the city of Barcelona (powered
by Google Maps) with the detailed picture of every building and each potential. At the
pictures below it can be appreciated which are the results that the map is showing:

Figure 15. Zoom in with detailed information of the Solar PV map

Making a zoom in at the interactive map and clicking in one of the rooftops of a building,
just to give an example, the map shows results such as (on the left side) available area [m2]
of the rooftop in order to build the solar panels, the power installable [kW] and the electric
energy generated [kWh/year] that could be provided from this solar system in this building
in particular. At the picture on the right side, scrolling down the bar, it can be seen
greenhouse gas emissions savings [kgCO2eq/year] as well, and the estimated investment
[€] needed in case of carrying out this project.
Making a zoom out and, in order to know what the potential for the whole city of Barcelona
would be [10] if all the buildings shown at the map would install a photovoltaic solar system,
turns out that it could be generated a total of 2,505 GWh/year. At the Table 2 below it can
be seen the production depending on the suitability and the area available:
Suitability

PV Module Area [m 2] No. of buildings Energy generation [kWh/yr]
> 20 m2

High
Medium

2,648,477
1,575,238

High
Medium

1,905,196
1,299,003

High
Medium

1,415,741
1,072,364

> 50 m

30,777
10,970

558,444,687
296,863,181

10,641
4,620

401,314,890
245,801,575

4,435
2,334

297,969,341
203,462,162

1,244
777

184,167,561
129,040,759

419
225

117,535,934
70,441,056
1,559,432,413
945,608,733
2,505,041,146
2,505.04

2

> 100 m2

> 250 m2
High
Medium

876,095
676,948
> 500 m

High
Medium
Total High
Total Medium
Total [kWh/yr]
Total [GWh/yr]

559,478
366,789

2

Table 2. Solar PV energy production depending on the availability and suitability
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Similarly, there is a map for solar thermal energy, providing the same information as in the
photovoltaic case. The map is shown below at the Figure 16:

Figure 16. Solar thermal potential map in Barcelona

As shown at the previous case, it is shown the building where would be suitable to build a
solar thermal system and how much would be the energy that could be produced and
supplied to the buildings. The Table 3 below shows the summary of the results shown at
the map:

Table 3. Solar thermal energy production depending on the availability and suitability

As shown previously at the pie charts that show how the renewable will evolve until the year
2020, we can see a huge potential in the solar thermal resource at it could produce an
amount of 11,745 GWh/year in terms of thermic energy.
All this numbers are considered summing all the possibilities (all the suitabilities
independently if they are high or medium) and shown as a potential, not as a real fact.
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All this numbers are subject to some considerations and assumptions that can be checked
at the Barcelona’s government website [10].
So, summing up, this map gives an idea, both to the engineers working for energy
companies or either to non-professional users that may want to install a solar system at
their own place, what would be the energy potential as well as the investment needed and
the energy that these systems could provide.
Wind energy
Another suitable renewable resource for Barcelona would be the energy coming from the
wind. Even though this resource does not give too much expectances as the picture below
shows the wind speeds for every month and it is not that high, it will be explained later which
are the projects that would be suitable for the city of Barcelona.

Figure 17. Wind speed ranges distribution per month

At the Table 4 below are shown the summary results for every month and for every range
of speed and as mentioned before the numbers are not too much encouraging as the
average speed for the city is around 3.5 – 4 m/s. As it will be shown later at this work, the
turbines start to work at 2.5 m/s so that will lead to think that with this low available wind
speed, the power generated will not be that high.

Table 4. Transcription of the results shown on Figure 17 and monthly averages in km/h and m/s
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However, even though this average speed would not be suitable for large wind turbines,
the government of Barcelona has generated a wind map that shows the potential of wind
energy based on small-scale wind turbines, assuming the installation of 1 kW wind turbines.
Like the solar maps, on the Figure 18 below it can be seen the wind potential that the city
would have based on the installation of these small wind turbines at all the spaces available
at the buildings around the place.

Figure 18. Wind energy potential map in Barcelona

As it can be appreciated, in this case there is less red colour (high-medium suitability) and
more yellow one (low suitability) and even there are some spaces with grey colour (limited
suitability) which gives the chance to know that the wind implementation will be lower
compared with the solar one mentioned before.
In order to sum up, taking into consideration the assumption that in Barcelona there are in
between 7,000 and 8,000 hours of suitable wind for producing energy per year, the city
would be able to produce 144,000 kWh/year. If it is been compared this amount with the
solar one, it can be seen clearly that the difference is huge, so that leads to think that wind
can help in the energy production, but the main renewable resource will be solar energy.
Biomass energy
Another profitable renewable resource would be the energy coming from burning biomass
feedstocks. Currently the main sources of this raw input for producing energy in Barcelona
is, on one hand, coming from the waste of industry, as the city is fully industrialised at its
surroundings and, on the other hand, from the waste of forests as there are large areas of
forests around the metropolitan area that can produce this waste and, thus, this can be
used to produce energy.
As it will be seen later, it is a resource which availability is high but the efficiency when it
comes to energy production is not that high as the systems are expensive and it is needed
such a large amount of biomass in order to supply all the energy demand of the city.

Feasibility analysis and simulation of a renewable energy system in Barcelona

Pg. 31

In order to set the picture of biomass in Barcelona, first is needed to show how this resource
it is been exploited around the Spanish country. At the Figure 19 below it can be seen all
the biomass plants that are currently working at the country and classified by power
production [11].

Figure 19. Biomass plants at the Spanish territory

As shown, the main area of exploitation of this resource it is located at the south of the
Iberian Peninsula, where agriculture and forests works are the main activities in this area.
Looking to Catalunya, the region where Barcelona is located, it cannot be seen too much
activity when it comes to biomass energy production.
But deep diving a bit more, it is possible to do a zoom in at the Catalan region and be able
to find in Figure 20 several biomass plants currently running and others that are still in
construction and that are going to be running in the future.

Figure 20. Biomass plants currently running (left), still in construction (centre) and future projects (right) in Catalunya
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As shown at the pictures above, there are several projects to build new biomass plants in
order to move from and old-fashioned way of producing energy to a new and cleaner way
to do it, as the government of Spain is investing in these renewable technologies in order
to increase the self-sufficiency when it comes to energy.
Continuing with the zoom in and focusing the attention only at the city of Barcelona it is
possible to find the zone classification in terms of biomass resources potential. As shown
on the Figure 21 below, the map is showing the potential, not the current activity of biomass
exploitation.

Figure 21. Barcelona's biomass potential map (forest stocks)

In order to put some numbers here, summing all the different zones of the city it turns out
that it has around 297,927 tones 30% wet based (with a 30% of humidity in the waste)
available that can be used to produce energy [12]. If the city could use all this energy the
result would be around 90.73 GWh/year which is far from matching with the whole city
energy demand as it will be shown later on this work, but it is an option to take into
consideration.
Geothermal energy
Total installed capacity from geothermal sources amounts to 60 GWth worldwide and
roughly 20 GWth (1.85 GWe) in Europe, with Germany, Italy, and Sweden as the countries
with the highest geothermal capacity installed in the EU-28 [13]. Even though the generation
from geothermal energy has steadily grown in the EU-28 for the last 10 years, its total net
production barely amounts a 0.2% (it is expected that it will reach 0.3% by 2020).
Although the geologic potential is very large in Europe (see Figure 22) and in the rest of the
world (in fact, current electricity demand would be exceeded if all of it were used), the truth
is that only a small portion of it can be profitable exploited.

Feasibility analysis and simulation of a renewable energy system in Barcelona

Pg. 33

Figure 22. Geothermal Heat Flow density around Europe

The geothermal energy contribution in Spain in 2012 was barely 0.06% of the total installed
capacity of power generation (108 GWe) [14]. Besides the pioneering European
geothermal regions, the central region of Spain is being given much attention at a panEuropean level and is considered to be a promising region for “new developments”.
As is well known, geothermal energy has some important advantages for energy supply
due to 24/7 plant operations year round, but each geothermal location requires a prior
analysis to determine its fluid and reservoir characteristics, chemical crystallizations and
reinjection policy in order to avoid losses in the temperature profile or a reduction of the
capacity factor (ratio of hours of plant operation with respect to the total yearly hours), which
affects the financial and operational costs.
The geothermal resource is not easily attainable and is needed to perform the conversion
into a type of directly usable energy, applying drilling procedures to extract from affordable
underground reservoirs hot water, steam or both fluids (defined as energy transportation
vectors) placed at depths of 0.2 – 3.2 km in the Spanish territory.
Following the European targets, the Spanish Administration has created the Renewable
Energy Plan 2011 – 2020, with a geothermal energy goal of 50 MWe for electricity
generation and 66 MWt for direct heating use (12.5 MWt intended to be used in direct-heat
purposes and 53.5 MWt to be used with geothermal heat pumps).
The current geothermal situation and distribution are shown in the figure XX, resulting in a
low-medium enthalpy resources potential of 610 GWt [15][16].
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Figure 23. Geothermal distribution (ground temperature) in Spain

Besides that, no additional installations have been performed from 2011, and, currently
there are no geothermal plants in Spain associated with DH networks nor generating
electricity. Only in the Canary Islands may it be technically feasible to use EGS technology,
which is considered to be the most challenging issue facing the geothermal energy sector
– it can supply superheated steam as an energy transportation vector that can be
transformed directly into electricity [17]
Geothermal energy resource, as explained before, it is an interesting font of energy that
can be exploited, and it has been analysed that in the Spanish country there can be some
opportunities in order to supply energy from this technology. However, in this work it is not
going to be further studied but it can be a future line of research.

Hydro energy
Nowadays in Spain there are 18.8 GW (2.26 GW in Catalunya) of installed power and can
produce 37.61 TWh/yr (4.59 TWh/yr in Catalunya) from hydro energy resource [18].

Figure 24. Hydro energy installed capacity and energy generated

Despite it is a technology that has a great potential in Spain, as seen on Figure 24, is not
going to be further analysed in this work and would be a future line for research.

Feasibility analysis and simulation of a renewable energy system in Barcelona

Pg. 35

Electricity generation and electricity capacity
Following the Renewable Electricity Capacity and Generation Statistics [19] from the
International Renewable Energy Agency (IRENA) it is possible to picture the electricity
capacity and generation of every country, depending on the technology used and the year
selected.
For that, IRENA has developed an interesting statistic tool (Figure 25) which the user can
acknowledge the electricity situation of the country selected. The tool shows a dashboard
with multiple selectable choices as shown at the following figure.

Figure 25. Dashboard view of the tool developed by IRENA

So that, with a simple procedure it is possible to know the capacity and the generation of
electricity and it is possible as well to create trend-line charts to see the evolution through
the past years.
Accordingly, making use of the tool provided, it has been analysed the electricity generation
and capacity of Spain:

Figure 27. Electricity generation of Spain

Figure 26. Electricity capacity of Spain
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As it can be seen on the figures 26 and 27 in the case of generation it is possible to
appreciate several increases and drops during the years but with a positive and increasing
trend line, moving from 64,923 GWh of energy production in 2008 until 108,109 GWh in
2016 (66.5% growth rate), which means that the country is moving towards a more
renewable way of producing energy and that would explain all the political moves that the
Spanish government is working on.
The same happens for the electricity capacity, which has been increasing starting from
39,069 MW in 2008 until the amount of 51,108 MW in 2016 only counting the main
renewable energy resources (hydropower, wind, solar, bioenergy and geothermal).
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3 Energy demand profile
3.1 Introduction
The first step that should be revised are the Spanish climatic conditions. Taking into account
the zone, Spain is divided into a North Atlantic weather zone [80] with soft, cold, and wet
winters; a continental climate zone, which is located inside the peninsular area
corresponding to Castile, Madrid, Aragon, Andalusia and Extremadura (characterized by
hot summers but very low temperatures in winter and often accompanied by heavy
snowfall); and a Mediterranean climate zone, corresponding to the coast.
The Spanish monthly average distribution for the minimal temperatures is given in Table 5.
In terms of seasons, winter presents days with an average minimum temperature below or
equal to 5ºC, and there are quite several frost days (over 130 – 150 days yearly have a
minimum temperature lower or equal to 5ªC), being more severe at the inland zone, in the
Atlantic Bank, and in the area of the Pyrenees [20].

Table 5. Spanish monthly average distribution

The average requirements for daily sanitary hot water (DHW), heating in 130 – 150 days
and electricity for a typical dwelling with four people can be expressed as:
𝑒𝑎𝑣 = 𝑛𝑟 · 𝑛𝑝𝑒𝑜𝑝 · (𝑑𝑠ℎ𝑤) · ∆𝑇𝑙 · 𝐶𝑝𝑙

𝑒𝑎𝑣 = 1.369 · 𝑛𝑟 (𝑘𝑊) ; 𝑒𝑒𝑙𝑒𝑐 = 0.409 · 𝑛𝑟 (𝑘𝑊)

These needs are averaged for a year in domestic sanitary hot water, four to five months for
heating and a year of electricity needs. If these total average needs are considered in
function of residence types, practically, and equilibrium is found because multi-family
residential housing represents 53% of total consumption, whereas single-family housing
represents the remaining 47% of consumption.
Then, examining a great deal of dwellings, total energy consumption is practically
equilibrated between these two types of dwellings. This equilibrium is a consequence of the
higher number of flats with respect to the number of single-family dwellings and the
differences in their energy needs.
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At the following figure it can be seen the energy consumption distribution in regards the
different electrical appliances if compared between single and multi-family housings.

Figure 28. Composition of the energy consumption regarding the residence type in Spain

It is possible to establish the same consideration for electricity consumption. The average
percentage breakdown for cooking, refrigeration and lighting (among others) can be seen
in Figure 28. The average electricity consumption has a standby fix consumption of 124·nr
(kW) and a variable consumption of 285·nr (kW) with and evolution of the peak demand
shown in Figure 30.

Figure 30. Average percentage distribution for electricity demand in Spain

Figure 29. Daily avg. evolution for the residential
electricity demand in Spain

The average values of the demand profile in the three main Spanish climatic zones,
assuming the same load factors for sanitary hot water, heating and electricity demand, are
summarized in Table 6.

Table 6. Consumption needs in daily sanitary heat water, heating and electricity per dwelling and climatic zone in Spain

A comparison between the North Atlantic zone and the national average shows differences
such as softer temperature conditions in winter but higher electricity and DHW needs.
Within the Continental climatic territory, there is a higher contrast in temperatures in winter.
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For its part, the Mediterranean coast’s climate’s has the lowest heating requirements due
to its warm and soft winter temperatures.

3.2 Unitary calculation
In the previous section it has been shown how it could be calculated the demand profile of
the Spanish country with average numbers. In this section is going to be calculated the
demand profile for both single-family and multi-family housing and later on these numbers
will be extrapolated to all the dwellings at the city of Barcelona.
First, it has been chosen the usual home appliances that all the houses should have
nowadays considering the standard of living of the city. At the Table 7 below are shown
those appliances as well as its power and energy consumption (standard consumption).

Table 7. Unitary power and energy consumption for single and multi-family dwellings

Those consumptions may vary depending on the month of use. For example, the heater is
going to be turned on the winter season, so that means that the hours of use per day are
going to increase, and the same happens with the air conditioning, as meanwhile the heater
is not going to be consuming any energy because it is going to be turned off, the air
conditioning is going to be consuming (less energy because its power) depending on the
hours of use per day.
But those numbers are useful in order to provide an example picture of which are the
separate consumption and to make a general idea of which are the needs of the different
types of houses in terms of energy demand.
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So, what it has been made is taking these numbers and multiply them for the numbers of
days a month and thus, be able to provide the consumption per month in a yearly basis, as
the following chart is showing.

Chart 5. Demand profile flat vs. house

As it can be appreciated at the Chart 5 above, the monthly consumption for a single-family
house (household) it is roughly the double compared with a multi-family house, due to its
larger extension, more home appliances and more area to cover with energy, among other
factors.
Besides, it is interesting to have a look to the unitary consumptions, in Charts 6 and 7, in
order to be able to see which are the appliances that are impacting the most in the overall
consumption of the building, and be able to reduce this consumption trying to reduce the
use of those appliance whose are consuming more or try to buy those whose efficiency is
the best.

Chart 7. Home appliances consumption (single-family house)

Chart 6. Home appliances consumption (multi-family house)

On both cases, and as it was expected, the appliance that is consuming the most if the
fridge because it is barely running the entire day. The heater, the air conditioning and the
microwaves are the ones following the fridge in terms of consumption. This is the reason
why they should have a rational use and an optimal efficiency in terms of cost and
consumption decrease.
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3.3 Barcelona demand profile
After calculating the unitary demand for a model house, the next step to proceed on is to
extrapolate this calculation to the whole population and dwellings for the city of Barcelona,
in order to be able to know which is the whole demand of the city and, afterwards, be able
to provide a solution system to supply energy to the houses.
First, it is needed to allocate the city and explain how it is divided. Barcelona is situated
inside one of the multiple regions which the Spanish country is divided, which name is
Catalunya. At the same time, inside Catalunya there are four provinces which are Lleida,
Tarragona, Girona and Barcelona.
Inside the province of Barcelona there is a last subdivision for the Barcelonès province, as
it can be seen in the Figure 31: the regions are Badalona, Barcelona city, Hospitalet de
Llobregat, Sant Adrià del Besòs and Santa Coloma de Gramanet.

Figure 31. Localization and description of the subdivisions of Barcelonès province

The study of the demand profile is based on the whole province, including the five last
subdivisions (but the most populated one is Barcelona city).
At the Figure 32, on the left, it can be seen the number of different types of houses. The
last data available is from 2007 that, despite is an old statistic, it can give an idea of how
many houses does Barcelona have. So as the Table 8 shows, Barcelona is composed by
32,400 single-family houses and 858,400 multifamily houses.

Table 8. Number of dwellings by type. Study version
Figure 32. Number of dwellings by type.
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So, basically, the procedure followed in order to calculate the amount of energy that needs
to be supplied to the city, it has been a basic multiplication for each category of house by
the unitary amount of energy that the model houses mentioned before need.

Chart 8. Total energy demand of Barcelona

In the Chart 8 above, it can be appreciated what it has been mentioned before, that even
though the consumption is almost the double in a single-family house than in a multi-family
one, the number of multi-family houses is much higher than the single-family ones, so that
explains the huge difference between the consumptions of the two different categories.
So basically, in order to have a perspective of the consumptions that have been analysed
before, in the Table 9 there is a summary of all this data.

Table 9. Summary table for single and multi-family house

Once all these calculations are done, it could be said that the demand profile for the city of
Barcelona has been developed and the next steps is move on to the simulation procedures,
trying to cover this demand as much as possible, without forgetting the economic side which
is going to be one of the important parameters to consider.
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4 System Advisory Model simulation analysis
4.1 Solar PV system
4.1.1 Introductory examples
Before starting with the procedures of simulation analysis with SAM it is needed to perform
some basic calculations. Those calculations are based on know how many panels will be
needed in the implementation of the photovoltaic system. They are done as it follows:

Sun hours available
Nominal Power

Energy production per panel

285 𝑊
𝑘𝑊ℎ
· 8ℎ = 2.28
1000
𝑑𝑎𝑦

Maximum energy demand

𝑘𝑊ℎ
𝑚𝑜𝑛𝑡ℎ = 40.034 𝑘𝑊ℎ
𝑑𝑎𝑦𝑠
𝑑𝑎𝑦
30
𝑚𝑜𝑛𝑡ℎ

1201.02

Number of panels needed

𝑘𝑊ℎ
40.034
𝑑𝑎𝑦
= 17.56 ≅ 18 𝑝𝑎𝑛𝑒𝑙𝑠
𝑘𝑊ℎ
2.28
𝑑𝑎𝑦

18 𝑝𝑎𝑛𝑒𝑙𝑠 · 1,68

𝑚2
= 30.24 𝑚2
𝑝𝑎𝑛𝑒𝑙

In order to proceed with those calculations, it has been chosen a solar panel module,
specifically the SolarWorld Industries GmbH Sunmodule Protect SW 285 mono with a
nominal power of 285 W per unit alongside with the inverter model SMA America
SB3800TL-US-22 [240V] with a nominal voltage of 240 V. Assuming eight hours of sun per
day, mostly in the summer season, in the region of Barcelona, the energy that every panel
could produce is 2.28 kWh/day.
Considering the pic of energy demand among all the months of the year, the highest value
(single-family house) is 1,201.01 kWh/month and dividing by 30 days that every month has,
it is possible to know the amount of energy that the house demands per day, which is 40
kWh/day approximately.
Then, divining the daily energy demand by the energy that every panel can produce, it is
possible to know the quantity of panels and the area needed to build the system in order to
supply the energy requested, in this case, 18 panels and 30.24 m2 are needed.
It is needed to comment that those are theoretical numbers, and, for instance, the counting
of losses is not considered in those calculations so, these numbers may vary when including
these inputs in the simulation system, as it is going to be shown after.
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Besides, this is an optimistic example due to that is not possible to have eight hours of sun
per day during the whole year, as this only happens in the summer season but not in the
winter one for example. Due to that, later is going to be shown another example in which
this parameter is going to change and so that it can be adapted more to the real cases.
Going forward, showing up next the results of the simulation done with the software SAM
Energy (System Advisor Model) for the single-family house example, with 18 panels
installation and a total installed capacity of 5.18 DC kW.

Table 10. Energy summary 18 panels

Chart 9. Demand coverage 18 panels

On the Table 10, on the left side, it is possible to see the results for the first year where the
system is producing 8,131 kWh/year with a capacity factor of 17.9% and an NPV of $3,322
which means that the investment done is worth it and the installation costs would be
defrayed with the savings that this system is going to provide.
However, on the Chart 9, on the right side, it is shown the energy demand (grey bars)
compared with the energy supply (blue bars) by this system. It is possible to see that the
demand is not totally covered in almost all the months during the year (only in May it is
possible to achieve the level of demand needed and create excess of energy generated
which the software is counting on the following month). The demand coverage in this case
is roughly the 73%, with 18 panels and 6kW DC of desired array size (check Annex for the
full report) as planned before.
Besides, as mentioned before it is important to check the economic side. On the Figure 33
below, it is possible to see the payback (time needed for the investment to be recovered).

Figure 33. Payback cash flow 18 panels
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As it can be seen, there are needed 12.5 years in order to start earning benefits from the
system but could be a feasible option for some users that might want to implement this solar
system model.
Instead of building 18 panels, it has been carried out another test with 9 more panels being
a total of 24 and an installed capacity of 6.91kW DC. The results are the following:

Table 11. Energy summary 24 panels

Chart 10. Demand coverage 24 panels

In this case, the payback period has increased to 15.1 years but the NPV is still positive, as
the Table 11 shows, which means that the investment on the panels and the installation is
going to be worth, and the annual production of energy is a 35% more than the previous
case with a demand coverage of a 94% as it can be seen at the Chart 10, leaving partially
covered the months of January and February. The following months are covered whereas
with self-production or with the excess of energy generated that it is been supplied when
the production is not enough to cover the demand.
But, as mentioned before, these results are calculated in an optimistic scenario where the
hours of sun are the ones corresponding to the summer seasons. Below, are shown the
calculations where the hours of sun decrease (winter season):
Sun hours available
Nominal Power

Energy production per panel

285 𝑊
𝑘𝑊ℎ
· 5.3ℎ = 1.51
1000
𝑑𝑎𝑦

Maximum energy demand

𝑘𝑊ℎ
𝑚𝑜𝑛𝑡ℎ = 40.034 𝑘𝑊ℎ
𝑑𝑎𝑦𝑠
𝑑𝑎𝑦
30
𝑚𝑜𝑛𝑡ℎ

1201.02

Number of panels needed

𝑘𝑊ℎ
40.034
𝑑𝑎𝑦
= 26.5 ≅ 27 𝑝𝑎𝑛𝑒𝑙𝑠
𝑘𝑊ℎ
1.51
𝑑𝑎𝑦

18 𝑝𝑎𝑛𝑒𝑙𝑠 · 1,68

𝑚2
= 45.36 𝑚2
𝑝𝑎𝑛𝑒𝑙
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Now, if the hours of sun available per day decrease until 5.3 as an average, redoing the
calculations it is obtained that the numbers of panels needed in order to cover the highest
peak of demand is 27.
Including these changes in the simulation software the results obtained are as follows:

Table 12. Energy summary 28 panels

Chart 11. Demand coverage 28 panels

As it was expected, the more panels installed, the more energy can be produced with a
total annual energy produced of 12,403 kWh (Table 12). With this setup, the demand
coverage can be up to 95% leaving uncovered only the 30% of the demand for the first two
months (January and February), as shown on Chart 11.
It can be appreciated as well, that in this case the excess of energy generated is huge.
However, could be a feasible option to consider because, depending on the country, there
are several policies that let to take profit from this excess of energy produced.
Recently, the Spanish government has approved a law, which allows under certain
conditions to the users of renewable systems, to inject the energy that is not used back to
the grid alongside with economical compensations [21].
Also, countries like Denmark, have several policies in order to award self-producers and
consumers who have an excess of energy generated. The Danish government gives
economical compensation (Premium tariff, Law on the Promotion of Renewable Energy)
which the conditions can be checked in European Commission website [22].
Moving forward, on the Figure 34 below, it can be seen the hourly energy supply distribution
during 24h on May 14th, as an example. As this system has no battery implemented, the
solar system can only provide energy when it can get energy from the sun, so that, as
shown on the picture, the orange area shows the energy that is coming directly from the
solar PV system.
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As it was expected, around the spring-summer seasons the system is capable to provide
energy during 7 or 8 hours continuously, so from 8 am in the morning until 4 or 5 pm in the
afternoon it is possible to provide energy coming from this renewable source. The blue area
is showing the part of energy that cannot be provided from the solar system and it is needed
to be supplied directly from the grid.

Figure 34. Hourly power distribution 28 panels

Later on, in this work, is going to be shown how this graph can change with the
implementation of a battery and, as well, how this extra cost that the battery involves is
impacting in the economic side and it will be considered or not at the time of building this
kind of system in a real case.

4.1.2 Parameters optimization
The examples shown on the previous section have been generated with previous
optimization procedures in order to extract the maximum energy from each system.
One of the parameters that impacts on the amount of energy produced by a PV system is
the panel’s orientation which is subdivided in two angles: Azimuth which rotates around Y
axis and Tilt which is rotating around X or Z axis, as shown on the Figure 35 below.

Figure 35. Azimuth and Tilt angles explanation
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The software SAM Energy has a useful and powerful tool that lets the user optimize the
results that are being looking for depending on some requested parameters. As shown on
the Figure 36 below, this tool is called Parametrics where leads to a dashboard where it
can be selected the inputs and outputs which is going to be calculated an iterative process.

Figure 36. Optimization steps for energy parameters

After all the iterations are calculated, the program shows every output selected according
to each value of each input determined and returns the information summed up on the Chart
12 below:

Chart 12. Energy optimization results

So, basically, the information that it is intended to extract from this chart, is the maximum
energy produced per year, Annual AC gross (kWh/yr), and the positive and highest value
of net present value, NPV, so that, the most important outputs are measured, on the
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engineering side, the amount of energy generated, and on the economical side, the
parameter that measures the viability and profitability of the investment done.

4.1.3 Battery cases
In this section is going to be analysed the use of batteries in the solar system, which are
the positive and negative points of implementing them.
At first can be idyllic the idea of installing a battery so that the solar system can be
completely autonomous, because the batteries can be charged during the day light, at the
same time that the system is providing energy to the load and then use this energy stored
in night hours in order not to run out of energy.
But so far, the batteries nowadays are expensive, and they need to be constantly changed
every specific period because they have a limited life and this is increasing the price and
thus, this needs to be considered at the investment. Besides, the efficiency of them it is not
what it was expected at first, because the results are not as good as it was thought at the
beginning.
First, it is needed to show the solar irradiance, on the Figure 37 below, of Barcelona area.
As it can be seen, the irradiance keeps increasing from 450 W/m2 until the maximum point
around June – July months, achieving the highest value of 979 W/m2 of Global Horizontal
Irradiance, and after it comes back to the decreasing trend the rest of the year.

𝐺𝐻𝐼 = 979

𝑊
𝑚2

𝐷𝑁𝐼 = 897

𝑊
𝑚2

𝐷𝐻𝐼 = 128

𝑊
𝑚2

Figure 37. Barcelona's irradiation yearly distribution

The Global horizontal Irradiance (DHI) is the total irradiance from the sun on a horizontal
surface on Earth. It is the sum of Diffuse Horizontal Irradiance (DHI, is the radiation at the
Earth’s surface from light scattered by the atmosphere) and the Direct Normal Irradiance
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(DNI) after accounting for the solar zenith angle of the sun z [23], as shown in the following
formula as follows:
𝐺𝐻𝐼 = 𝐷𝐻𝐼 + 𝐷𝑁𝐼 · cos(𝑧)
On the Charts 13 (solar PV system with battery included) and 14 (only batteries energy
supply) it can be seen the yearly evolution of the behaviour of batteries under the solar
irradiance shown before. As it can be appreciated, there are three different types of batteries
(blue, orange and grey lines) with different configurations and sizes, all together compared
with the total energy demand for a single-family household (yellow bars).

Chart 14. Solar PV systems with batteries included

Chart 13. Only batteries performance

The smallest battery, the blue one, can supply a very reduced portion of energy, especially
in the first and last months, where the irradiance is reducing until 450 W/m2. But when the
irradiance increases, the PV system can provide energy at the same time as it can store
energy at the batteries, and those, can supply this energy to the load.
On the other hand, it has been done the same test but with an extremely larger battery (grey
line) in order to see if the result could vary in a huge proportion. But the only usable outcome
turned into a better performance on the months where the irradiance is lower.
On the Chart 15, on the right, it is interesting to notice that the behaviour becomes similar
at the months where the irradiance is the highest (July) independently of the battery used.
These last results lead to think that the energy supply is similar but not the price which is
necessary to pay in order to maintain the installation costs, as shown on the Chart 15 below.

Chart 15. Batteries paybacks period's comparison

Feasibility analysis and simulation of a renewable energy system in Barcelona

Pg. 51

As it can be seen, the payback period for the largest battery (grey one), which is the one
that provides a better result, it is more than 25 years, what means that the investment is not
feasible and worth, because this batter may be oversized and would not be a good option.
On the other hand, the blue battery has a payback period of 18 years and the orange one
of 24 years. Even though those paybacks are more reduced than the one shown in the case
of the grey battery, a payback greater than 10 years is a point to consider when it comes to
make a particular installation of a solar system, plus the price of buying the battery, etc.
So, as predicted before, the results of the batteries are not as good as it was expected
before. Even though, in order to provide a reasonable sizing of a battery that could be
implemented in a solar installation, it has been carried the following calculations.
𝑘𝑊ℎ
1201,02 𝑚
𝑘𝑊ℎ
= 40,03
30
𝑑𝑎𝑦

40,03

𝑘𝑊ℎ
6
𝑘𝑊ℎ
· ൬1 − ൰ ≈ 30
𝑑𝑎𝑦
24
𝑑𝑎𝑦

Figure 38. Energy and power peaks single-family house

On the Figure 38 above, it can be seen a yearly distribution for the energy demand for the
single-family household. Before proceeding with the calculations, it is needed to explain the
concepts of bank capacity and bank power. The bank capacity it can be explained as the
total amount of electricity that a solar battery can store, measured in kWh. On the other
hand, the bank power is how much electricity a battery can provide at a given moment
(peak), measured in kW.
So, as the table is showing, the highest value of energy that needs to be provided is
1,201.02 kWh per month, that if it is calculated per day, turns out to be 30 kWh/day, so that,
the correct bank capacity is 30 kWh. For the bank power, the battery needs to support the
maximum peak in the demand, so the highest peak is 3.16 kW and applying a 10% of
security margin the bank power of the battery would be 3.5 kW.
Once the battery size has been calculated according to the demand, it is interesting to see
how the battery supplies the energy during the day and which is the dependency of the grid
and in which percentage, in terms of energy supply.
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As seen in the Figure 39 below, there are disposed the different performances of the energy
supply for the same day in the middle of the month of May. So, showing 24 hours of energy
supply, it is possible to see differences between the three kinds of batteries.

Figure 39. Hourly power distribution comparison between the battery’s types

On the left side, it is possible to see how, throughout the day, the energy it is being supplied
by the PV system (blue area) and the battery (orange area). But there are some peaks
during the day that need to be supplied from the grid, because the system is not able to
support this amount of energy.
The same happens on the picture in the centre of the figure, where some peaks are supplied
by the renewable system and others need the assistance from the grid. But still, even if the
grid is needed sometimes, it is possible to reduce the percentage of energy that needs to
be supplied from the grid, so that would turn into a decrease on the electricity bill.
On the right side, it can be seen how the energy distribution and supply during the 24 hours
is. As it can be appreciated, there is almost no red area, which is the one pointing to the
electricity given from the grid to the load (point of consumption), which would mean that it
has been reached almost the 100% of renewable energy production and supply. During the
day light hours, the PV system is the one in charge of supplying energy, and during the
night hours the battery is giving the energy that the load needs and that cannot be given by
the panels.
This last scenario would be the ideal one, where the house can be totally disconnected from
the grid as the own system is able to provide all the energy that the demand profile shows.
But as mentioned before, it cannot be done because the costs of installation and
maintenance of the whole system are not feasible to reach.
So, the next steps to follow is finding the balance between different renewable energy
systems available in the region and the economic cost and try to find the maximum
percentage of demand coverage.
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4.1.4 Barcelona photovoltaic system
All the previous examples were carried out in order to be able to know how possible was to
supply energy from a renewable resource as a solar PV system, which are the costs, and
which are the key parameters that need to be controlled in order to obtain the maximum
benefit and efficiency.
So, going forward with the analysis, the next step in this work is trying to cover the energy
demand for the whole city of Barcelona. As shown before, the demand profile for the city
has been calculated before and the monthly distribution of energy is the one shown below
at Figure 40.

Figure 40. Energy and power peaks Barcelona

As the table shows, the solar PV system needs to be capable to supply a total amount of
energy of 6,833 GWh with the maximum peak of 2.03 GW. After simulating this demand
profile in SAM Energy, the results are the ones shown below at Table 13 and Chart 16.

Table 13. Energy summary Barcelona solar PV

Chart 16. Demand coverage Barcelona solar PV
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The solar panels selected are the same as the ones on the previous examples, SolarWorld
Industries GmbH Sunmodule Protect SW 285 mono model and the inverter is Advanced
Energy Industries AE 1000NX with 1000 kW AC power. The layout and setup for this case
is completely different as the previous examples, as this time there are needed 13,196,280
panels distributed in 329,907 strings in parallel (rows of panels) with 40 panel for each
string.
After implementing the optimization procedures explained before for the tilt and azimuth
angles, the optimal ones are 40º for tilt and 165º for azimuth, as shown on the Figure 41
below. This picture shows the information related to the modules (panels) and inverters, as
well as the total capacity installed which is 3,800 MW of DC power.

Figure 41. Solar PV results

So, coming back to Chart 16, it is possible to see that the demand coverage is quite
accurate as all the months are covered (except January and February), either by energy
production or energy excess, and the total demand coverage is roughly around the 92%.
Another strong point to comment is the payback period that it is around 11 years (10.7 to
be exact) as shown on the Figure 42 below, and the NPV is positive which is showing the
viability of the investment that should be carried out by the government of Barcelona.

Figure 42. Payback cash flow Barcelona solar PV

As happened on the previous examples and as in this system there is no battery
implemented, the solar PV system is producing energy and supplying it to the load during
the day light hours. As it can be seen in Figure 43 below, the system is able to provide
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energy continuously an average time of 8 hours during the summer season (month of May),
so that means that it is running from 7 – 8 am until 3 – 4 pm uninterruptedly.

Figure 43. Hourly power distribution Barcelona solar PV system

From 4 pm until 6 pm approximately the system is still working but this time in parallel with
the feed coming from the grid, as it is not able to cover all the demand by itself. As it can be
seen and as it is obvious, during the night hours it is still needed the grid in order not to run
out of energy and thus, some home appliances can keep running such as the fridge, the
heater or air conditioning, among others.
In order to carry out this project, as shown before on Figure 41, the area needed in order to
build the solar field is around 22.17 km2 which is such a large extension and it cannot be
built in the middle of the city. For that, in this project it is offered two different alternatives
shown below in Figure 44.

Figure 44. Solar fields Barcelona and Girona
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As it can be seen, inside the Spanish territory, there is the Catalonian region. For this project
implementation it has been selected two different fields: the first one, on the left, shown in
red, is inside the Barcelona metropolitan area and it belongs to the city’s government. On
the other hand, on the right side, shown in yellow, there a larger area that it is not belonging
to Barcelona but to Girona, which is another province and a bit further from the city.
Next, are going to be analysed these two options, altogether with its own pros and cons. As
it can be seen on the Figure 45 below, four delimited areas have been selected around the
city [24] for the first option of building the solar field. Counting these four areas it comes to
a total extension of 23.35 km2 which is greater than the area needed which has been
mentioned before, the 22.17 km2.

Figure 45. Barcelona solar fields analysis

The value for NPV for the area needed according to SAM Energy simulations, the 22.17
km2, is the one seen on the bottom right corner ($1,678M approximately). This amount is
only adjusted to the cost of energy and the cost of installation and, besides, to this area
needed.
There are several factors that need to be considered when a investment needs to be done
in a project like this. For instance, the permissions that are needed to be paid, the labour in
order to build the solar field, the materials to build it, the engineers that are needed to be
hired for this work and the area where the solar field is going to be place (piece of land).
That is why below, in Figure 46, can be shown the difference between considering the piece
of land in the NPV. Without the field investment the value rounds $3,576M and considering
the price of the land [25] (243.14 $/m2), it turns into $1,577M).

Figure 46. Economic calculations with and without field investment Barcelona
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And so, the payback related to the investment changes, which moves from 10.7 years until
15.7 years, which means 5 more years considering the purchase of the piece of land.
But all these numbers are supposed to happen in the first scenario which was enabling
some lands close to the metropolitan area of the city of Barcelona. Moving forward, below
is shown on Figure 47 how the situation changes if instead of this scenario, the government
of Barcelona decides to buy some piece of land in Girona.

Figure 47. Girona solar field analysis

In this case is feasible to buy only one piece of land but larger than the previous case
(almost the double needed for the solar field simulated) and carry out the installation. As it
can be seen on the bottom right corner, this time the NPV is higher, around $ 2,284M (which
means that the investment is even more viable) even if it is calculated with the same area
as in the last case (22.17 km2) because in this scenario the price per m2 in Girona is cheaper
than in Barcelona (165.46 $/m2) [25], so that, this allows to buy more land at a lower price.
As it can be seen at the Figure 48 below, marked in green the price for one m2 is 165.46
$/m2 which is cheaper, and it is going to make decrease the effort on the investment. So,
as shown at the table with the title With field investment it is possible to see that the NPV is
around $1,181M which number is very similar (a bit lower) than the previous case but
considering that the area bought is almost the double. So that will mean that buying the
same area the cost will be reduced and the investment would be more worth it.

Figure 48. Economic calculations with and without field investment Girona

But this scenario has one disadvantage and it is that the government of Barcelona would
need to ask the government of Girona if they can buy this piece of land or which would be
the permissions needed in order to be able to access to it, as it is not inside the Barcelona
province, thus, they would need to request for it or try to make some profitable deal with
Girona in order to be worth it for both sides.
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4.2 Wind farm
4.2.1 Onshore turbines
4.2.1.1 Design parameters and introductory examples
Before deep diving in the examples of simulation related with the wind farm cases it is
needed to explain what are the parameters that affect to the amount of energy generated
and which are the reasons why this occurs.
As shown on the Figure 50 below, one of the parameters that makes the wind turbines
power curve change is the rotor diameter. As it can be seen on the figures on the right side,
(Figure 50), the bigger is the rotor diameter the faster grows the power curve.

Figure 50. Rotor diameter

Figure 49. Rotor diameters 3m and 10m

This fact is helpful when, for example, the wind speed is not that high, so that the wind
turbine can start generating energy earlier in the curve and so that, there is no need for high
wind speeds, which is exactly the case that is happening in the Spanish country, which wind
speed is around 3 – 4 m/s as mentioned on previous sections.
So, this is the reason why it has been simulated a wind turbine of 2 kW of power with 17m
of rotor diameter. Below, on the Figure 51, can be appreciated the power curve.

Figure 51. Rotor diameter 17m
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Obviously, this is a turbine model defined manually, selecting the parameters needed
adapted to the needs required, but this is not a turbine that can be found at the market in a
commercialized mode, as it is only a facility that SAM Energy software gives.
Going forward with the simulation, first is needed to show the wind speed which is going to
be working with. In the following Figure 52, it can be seen the wind speed distribution in
Spain and the turbine response according to the wind speed that is receiving on Table 14.
Wind Speed (m/s) Turbine Output (kW)
0
0
0.25
0
0.5
0
0.75
0
1
0
1.25
0
1.5
0
1.75
0
2
0
2.25
0

Figure 52. Wind speed distribution

Wind Speed (m/s) Turbine Output (kW)
2.5
0
2.75
2
3
2
3.25
2
3.5
2
3.75
2
4
2
4.25
2
4.5
2
4.75
2

Table 14. Wind turbine operating range

As shown, it is a distribution centered on 3.57 m/s with a Weibull factor of 2 [26]. As seen
on the table on the right, this turbine has the cut-in wind speed at 2.75 m/s which means
that it is starting to generate energy at this speed and, not only this but as well means that
is giving directly 2kW of power at this speed. So, with the wind speed available at Barcelona
and with this turbine set up, it is possible to generate a great amount of energy.

Table 15. Energy summary rotor diameter 17m

Chart 17. Demand coverage rotor diameter 17m

Once all these parameters are clear and introduced into the simulator, the result obtained
are the ones shown on the Table 15 above. As shown on the bars Chart 17 on the right,
the demand coverage is quite good as it is achieving the value of 96.4% of coverage
including excess of energy generated at the end of the year, which means that this energy
can be supplied to the grid and have an economic reward in return.
However, as mentioned before, this is an idyllic situation as this turbine that has been used
in the simulation is it not possible to find in the market because the parameters have been
adjusted accordingly.
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Besides, exists a connection between the rotor diameter and the power that the turbine can
provide to wind systems. Below, on the Figure 53, can be seen this relation between
diameter and power.

Figure 53. Rotor diameter vs turbines nominal power

As shown, in order to give an example, the smallest rotor diameter shown on the picture is
15 m which is related with a wind turbine of 50 kW power. So, in the example explained
before it has been used 17 m diameter for a 2 kW power turbine, so that would mean that
the turbine is not fully used enough. The main reason why it has not been used the entire
potential of the turbine it is due to its economic impact on the overall results (the cost per
kW installed was increasing the price of the investment).
4.2.1.2 Designs comparison
All the conclusions explained at the previous section, have been developed after trying to
simulate this demand profile with several turbines available on the market and with the wind
speed available at the region of study.

250 W

Figure 54. Turbine power curve 6kW

Chart 18. Solar and wind system energy generation 6 kW wind turbine

As shown on the Figure 54 above, on the left, it is possible to see the power curve for a 6
kW power turbine. The curve starts to grow up at 6 – 7 m/s wind speed approximately and
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the maximum power that this turbine can provide to the system with the 3.57 m/s average
wind speed available in Barcelona is only 250 W.
As it is reflected on the Chart 18 on the right, the orange bars show the energy produced
by the wind system, altogether with the solar system production which are the blue bars.
The black trendline is showing the demand profile for a single-family household. As it can
be seen, the demand coverage it not enough with this configuration as it is roughly an 87%
of coverage.
Only at the months of April, May, June and July the demand is fully covered, but still with
both systems, wind and solar, is possible to have a renewable house in a great percentage,
which implicates a huge reduction on the dependency of the grid.
However, instead of using this turbine, and using the one presented before (the one that
has been manually adjusted to the requirements) the results can change positively, as
shown on Figure 55 and Chart 19 below.

Figure 55. Turbine power curve 2 kW

Chart 19. Solar and wind system energy generation 2 kW wind turbine

As it can be seen, with this turbine and with wind and solar systems working altogether, the
demand profile for this single-family house is totally covered, even producing excess of
energy that can be sold to the grid.
However, this situation is just a simulation and would be difficult to carry it out in a real case
as this turbine cannot be find in the market. Besides, the wind speed available at the region
of Barcelona is not that high as it could be in other regions and this is an important factor
that prevents to produce high amounts of energy from this resource.
Due to that, as mentioned before on the preface section on this work, the government of
Barcelona has calculated via simulation the small-scale wind project that could be done in
the city and the energy that could be produce yearly (144,000 kWh/year).
Despite this situation, there are other alternatives of producing energy that would suit better
but the economical side should be considered and revised as well because it may increase
compared with the previous cases and would be needed to adjust it to the budget available.
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4.2.2 Offshore turbines
Those other alternatives that have been mentioned before are the offshore turbines.
Offshore wind energy is the use of wind farms constructed in bodies of water, usually in the
ocean on the continental shelf, to harvest wind energy to generate electricity [27].
With this alternative, higher wind speeds are available offshore compared to on land
(onshore turbines), so offshore wind power’s electricity generation can be higher per
amount of capacity installed.
In order to install an offshore wind farm, first is needed to check which is the wind speed
average that can be taken in order to produce energy. As it can be seen at the Figure 56
below, thanks to the information provided by real-time and forecasting maps Windfinder
[ref], it is possible to see how the wind is behaving in the Mediterranean coasts close to the
Spanish country.

Figure 56. Wind speed offshore Mediterranean Sea

As shown, the wind speed varies between 15 – 20 m/s, which a great improvement if it is
compared with the on-land wind speed (3 – 4 m/s) and which will allow the wind energy
system to produce more energy and more efficiently. As in this zone it is possible to find a
wind speed of 17 m/s in average, it has been decided to carry out a study with offshore
turbines and see if it is feasible and worth it in terms of energy production.

Figure 587. Average wind speed offshore

Figure 578. Turbine power curve 2500 kW
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As the Figure 57, on the left, reveals, the simulation has been done with an average wind
speed of 17 m/s with a Weibull K factor of 40, which means that the speed does not have
a wide range of variation, in order to extract wind speeds from 15 m/s until 18 m/s,
measuring the wind at 80 meters of height.
The turbine used for this simulation, as shown on the Figure 58 on the right side, it is a 2500
kW power turbine with a rotor diameter of 90 m and which model is Nordex N90 – 2500 HS
which datasheet for further information can be found at the Annex. As shown on the figure,
the turbine has a cut-in wind speed of 3.5 m/s and a cut-off wind speed of 25 m/s in order
to automatically stop running in case of emergency.
On the Figure 59, below, it can be found the map of the Spanish country and the
Mediterranean Sea. In purple, are marked the pieces of land where would be worth to install
the offshore wind farm with a total extension of 107.18 km2.

Figure 59. Mediterranean Sea wind fields

With this set up, it has been proceeded to do two different simulations, the first one with the
average wind speed of 17 m/s and a farm size of 550 MW (220 offshore wind turbines).
Below those results can be found.

Table 16. Energy summary 17 m/s wind speed
Chart 20. Demand coverage 17 m/s wind speeds

Continuing with the analysis for the city of Barcelona (considering the unitary demand
profiles for the multi-family and single-family homes, together with the number of the
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different types of dwellings), it can be seen at the Chart 20, on the right, that demand
coverage with this system is around a 73% which leads to think that combining this model
with another renewable energy production system it could be possible to achieve the
complete disconnection from the grid for the whole city of Barcelona.
Besides, on the Table 16, on the left side, the annual energy production is around 4,817
GWh and the NPV is positive and its value is $ 3,764 M with a payback of 4 years which is
interesting for the investors (Barcelona’s government). Regarding the land space available
and the wind farm size needed, this wind farm is the one as follows (Figure 60).

13,680 𝑚 · 7,200 𝑚
𝟗𝟖. 𝟓 𝒌𝒎𝟐

Figure 60. Turbine layout map 220 turbines

As shown above, the area needed in order to build this wind farm is 98.5 km2 which is
smaller than the area available, 107.18 km2, which means that the project would be feasible
as the all the wind turbines could be allocated there.
On the following figure shown below, Figure 61 it can be seen the hourly distribution of the
energy supply throughout an entire day (figure on the left) and the month of May (figure on
the right). The wind energy supply is irregular, and it is not depending on the day or night
time, because including the night, the wind can be still running the blades of the turbine so
that energy can be produced during the night hours and supplied during the day (orange
area).
Moreover, as it can be seen, the dependency from the grid is still latent (blue area) which
means that the complete disconnection from the grid is not possible only with the
implementation of this wind system.

Figure 61. Hourly power distribution Barcelona wind offshore system
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But the simulation it is not ending at this stage as, out of curiosity, it has been executed
another simulation but this time with the maximum wind speed available in this region, in
order to know what the percentage of demand coverage would be in case the wind would
be blowing at its maximum value.
For that, it has been introduced the same value as before, only changing the wind speed to
20 m/s, with the same wind turbine model. The only difference is that this time the wind farm
it is larger than before (the maximum value that SAM Energy allows to simulate).

Table 17. Energy summary 20 m/s wind speed

Chart 21. Demand coverage 20 m/s wind speeds

As it can be seen on Chart 21 above, the demand coverage this time is around a 94% but
without excess generation at the end of the year (even it can be noticed that the last month
of the year is not fully covered by the wind system and would be needed to ask for energy
supply to the grid).
This time, the annual energy production is 6,131 GWh, a 17% more than the previous case
and, as well, the NPV value is $ 4,790M which is much greater than the last case. However,
it is possible to see that the payback period is the same as the previous analysis, which
would mean that the investment is even better than the previous case because the NPV is
greater, but the time needed to recover the investment is the same.
But in this case, the area needed is 158.1 km2 which is greater than the piece of land
available in order to build the windfarm.
This example has the stronger point of demand coverage, which is that almost all
Barcelona’s energy demand can be covered with this wind farm, but at the same time it has
the weaker point of the lack of space in order to build it. Besides, it needs to be considered
that wind energy is not very regular during the year and these results may vary when
implementing the system in real cases.
This is the reason why there is the need of another back-up system in order not to run out
of energy supply (solar system) or the continuous connection to the grid.
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4.3 Biomass system
Previously on the preface section, it has been explained that the city of Barcelona has a
wide range of biomass resources, mainly forest stocks, which can be burned and used in
order to produce energy from them.
In fact, all the resources that the city has, can be found at the following Table 18 below,
classified by municipality alongside with the energy that could be produced.
Municipality
Montacada i Reixac
Barberà del Vallès
Castellbisbal
Sant Cugat del Vallès
Badia del Vallès
Cerdanyola del Vallès
Ripollet

Forest Stocks
[t 30% WB]
10,544.77

Energy produced
[kWh/t 30% WB]
3,207,758.61

899.98

291,966.20

9,437.61

2,244,752.09

37,688.95

12,870,000.10

7.65

1,846.63

33,338.21

9,203,359.73

74.34

21,940.41

Tiana

2,142.44

576,307.25

Badalona

5,092.39

1,353,983.22

Montgat

Municipality
Papiol

Forest Stocks
[t 30% WB]

Energy produced
[kWh/t 30% WB]

Municipality

Forest Stocks
[t 30% WB]

Energy produced
[kWh/t 30% WB]

7,073.81

1,711,814.44

Hospitalet de Llobregat

Molins de Rei

20,593.72

5,323,068.14

Sant Joan Despí

Corbera de Llobregat

18,540.95

5,196,800.95

Torrelles de Llobregat

18,949.33

479.77

8,111.07

1,887,529.21

Sant Boi de Llobregat

2.10

1,106,359.40

Pallejà
Sant Adrià del Besòs
Palma de Cervellé
Sant Feliu de Llobregat

-

-

Begues

19.66

2,333.37

10.23

4,908,413.01

4,023.41

7,290,442.19

8,569.03

1,981,343.51

Sant Climent de Llobregat

19,409.84

3,146,356.06

11,096.43

7,714.39

8,721,274.29

Prat de Llobregat

31,649.23

1,234,519.75

Viladecans

2,428.46

889,844.11

Sant Vicenç dels Horts

5,006.25

1,141,743.00

Barcelona

3,558.42

8,466,249.17

3,517.66

21,079.83

15,028.90

4,125,137.87

92.41

903,083.47

3,602.96

4,483.86

Cervelló

511.81

122,616.99

Sant Just Desvern

Santa Coloma de Gramanet

1,669.91

444,842.56

Esplugues de Llobregat

Sant Andreu de la Barca

3,545.52

838,247.63

Santa Coloma de Cervellé

Gavà
Castelldefels
Total

576,656.34

3,975.33

915,937.30

297,927.17

90,732,570.46

Table 18. Biomass forest stocks available in Barcelona

As the numbers reflect, there is a total of 297,927.17 tones 30% Wet Base (it means that
the matter has a 30% of humidity in the forest stocks) available in order to be processed in
biomass plants (as the ones already existing around the Spanish country) and converted to
usable energy to be provided to the city.
All these tones, as the table shows, can be producing in a yearly basis around 90.73 GWh.
Even though this amount of energy, compared with the city’s demand that it has been
shown before, it is not that high, it can be used for small appliances or even for a back-up
source of energy (storing the energy properly) for a late supply whenever it is needed.
As shown below on the Table 19 below (on the left side), it can be seen the energy
production with the resources available and the NPV which is positive and the payback of
5.2 years which is not that long.

Table 19. Energy summary biomass case

Chart 22. Demand coverage biomass case
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Despite the numbers say that the investment would be worth, looking to Chart 22 on the
right, it can be appreciated that the demand coverage is almost non-existent.
As matter of fact, it is only covering around a 1.41% of the whole demand profile of the city.
Compared with this demand, it is impossible to consider biomass energy as a main source
of energy supply.
Besides, at the Figure 62 below, it can be seen the energy production and distribution from
the biomass resource and the connection to the grid.

Figure 62. Hourly power distribution biomass case

As shown, the orange area (which is almost non-existent) is the one that shows the energy
coming from the biomass system. As it can be appreciated it is almost nothing compared
with the energy supplied from the grid (blue area) which is occupying all the area, so that,
basically all the energy provided is coming from the grid.
For those reasons explained before, the option of biomass energy production it is not a
good option when it comes to a large amount of energy demanded as it is the case of the
whole city of Barcelona. Due to that, that kind of systems are not going to be considered in
the last stage of analysis that are going to be proceeded and explained later in this work.
However, it is interesting the potential that the city has in terms of energy production from
the biomass resources and thus, it can be taken advantage of this knowledge and use this
energy for smaller purposes or profiles of demand.
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4.4 Barcelona energy model
In this section is going to be modelled an energy model for different degrees of demand
coverage for the whole city of Barcelona. There are going to be taken as a reference the
numbers calculated before for multi-family and single-family households, as well as, the
same models for panels and inverters in the solar PV systems cases and the same wind
turbines in the wind systems.
For obvious reasons, it has been decided to discard the biomass option, as it has been
seen and analysed before, the results were not as good and enough as expected for the
demand profile of study. However, and as mentioned before, could be an alternative to
consider in case the demand reaches some peaks that need to be supplied by some other
sources of energy and avoiding the feed from the grid.
As mentioned at the section 2.2.1 Energy distribution the budget that Barcelona predicted
for the year 2020 in order to reach the 21% of renewable energy supply at the city was,
among other values, 8,433.4 M€ for solar PV systems and 5,093 M€ for wind energy farms.
What is going to be done in the following sections is trying to show different demand
coverage by different set ups, mixing solar and wind energy and trying to stick to the budget
that the city has predicted.

4.4.1 Demand coverage of 50%
For the first case, is going to be simulated several alternatives to produce energy and try to
cover the 50% of the demand. Although covering only the half of the needs of the city in
terms of energy supply is not going to be enough to have a 100% renewable city, could be
a great improvement as that would mean that some of the dwellings could be completely
disconnected from the grid.
Besides, even if there are some dwellings left that cannot be completely disconnected from
the grid, at least most of them are going to reduce its consumption of energy based on fossil
fuels or other non-renewable energy sources, so that would be translated into a decrease
of noxious emissions and an increase in the percentage of renewability of the city.
Solar PV system
For the first case of analysis, under the 50% demand coverage restriction, it has been
simulated with panels model SolarWorld Industries GmbH Sunmodule Protect SW 285
mono and the inverter Advanced Energy Industries: AE 1000NXC.
The system design has an array size of 2,000 MW in direct current with 6,945,400 solar
panels distributed in 173,635 strings in parallel of 40 modules each string. The azimuth
angle is 165º and the tilt is 40º. The battery storage has not been considered.
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As it can be seen at the below, it easily possible to reach the 50% of demand coverage with
this setup. The system can be able to produce 3,228 GWh every year, in average, with a
capacity factor of 18.4% as shown on the Table 20 on the left. Besides, can be appreciated
that the electricity bill it has been reduced approximately a 41% (almost the half) thanks to
the implementation of this system.

Table 20. Energy summary solar PV 50% demand coverage

Chart 23. Demand coverage 50% solar PV

However, as shown on the Chart 23 on the right and it was previously expected, the demand
coverage reached the 50.3% and, besides, any of the months during the year is completely
covered so that, there is no excess of energy generated, fact that implies that there is no
room for trade with the grid.
On the economical side, it is possible to see that the NPV is around $ 2,307M which means
that the investment is worth and with a payback period of 9.6 years, which would be
affordable and feasible for the government of Barcelona.
Besides, taking a look to the Figure 63 below, it is possible to see that the overall cost of
the installation is $ 5,391.55 M and, if it is been compared with the initial budget for this
project, which is 8,433.4 M€ ($ 9,528.19M), it is possible to see that could be affordable as
the cost is inside the range expected for.

Figure 63. Total installed cost solar PV system 50% demand coverage

As shown, there is still budget available to increase the installed capacity of the installation
and be able to produce more energy (which is going to be analysed later in this work). For
further details on the cost distribution of the installation, check the Annex.
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The Figure 64, on the left (May) and on the right (December) below, show the huge
difference in terms of energy production and distribution hourly over the different seasons
of the year, is it is not the same quantity produce in the month of May as it is in December

Figure 64. Hourly power distribution solar PV system 50% demand coverage

As shown, the dependency from the grid (blue area) on the right side, December, is huge
as the one on the left side, May, due to the decrease on the irradiance at this season of the
year.
Wind system
On the second case, it has been carried out the same analysis as the previous one. The
demand profile is the same as previously and the wind turbine model used for this
simulation is the same as mentioned before which model is Nordex N90 2500 HS.
Related with the wind speed used for the calculation, it is needed to comment that it has
been tried previously with the on-shore wind speed, which value is 3.57 m/s and the result
were not encouraging as it was not possible to cover the demand and besides, the NPV
was negative. So, it has been decided to use the off-shore wind speed of 17 m/s.

6,480 𝑚 · 10,800 𝑚
𝟔𝟗. 𝟗𝟖 𝒌𝒎𝟐

Figure 65. Turbine layout map 50% demand coverage
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As it can be seen on the previous Figure 65, the layout map for the wind farm needed in
order to carry out this simulation is a total area of 69.98 km2 which is expected to be build
off-shore. As previously shown on the map’s analysis with the WindFinder tool, there is
enough space to fit 160 turbines that are needed for the fam with a total farm size installed
of 400,000 kW.
Then after doing the simulation, the results are the ones shown below at Table 21 and Chart
24, where it is possible to see that the system can produce 3,505 GWh per year, alongside
a capacity factor of 100% and being able to cover roughly the 53.5% of the city’s demand.

Table 21. Energy summary wind 50% demand coverage
Chart 24. Demand coverage 50% wind

Looking at the economic side, it is shown that the investment is worth with a relatively
reduced payback of 9.8 years and an NPV of $ 516M which means that the investment is
going to bring benefits to the government.
Besides, on the Figure 66 below, there are classified the installation costs of the system,
subdivided by two types of costs. The Turbine cost is subdivided by the cost per kW installed
and the unitary price for each turbine acquisition which is needed to consider on the final
costs. On the other hand, the balance of system costs include the majority of the pieces
and installation costs and account for the majority of maintenance requirements [28].

Figure 66. Total installed cost wind system 50% demand coverage
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As shown above, considering the unitary acquisition price of this wind turbine of $ 260,210
[29], the total cost would be $ 3,681 M. If compared with the initial budget, which was $
5,761.96 M (5,093 M€), it turns out that the investment is feasible and still, the government
has more budget to invest in this technology.

Figure 67. Hourly power distribution wind system 50% demand coverage

On Figure 67 it is captured the irregularity fact of the wind. As it can be appreciated the wind
speed can vary throughout the year and so the peaks of energy generated from the wind,
as in this example, the maximum peak in October is around 1 GWh meanwhile in December
the maximum one is around 1.8 GWh, almost the double than in October.
This fact notes the importance of considering the variability of the wind and that all the
results shown in this work are only approximations in order to have an idea of the amount
of energy that could be generated with these systems.
Solar PV and Wind systems
In this section is going to be carried out the summary of the previous two subsections. The
aim is to consolidate the results for both the solar and the wind systems in order to be able
to provide the results on how much energy can be supplied in case the government of
Barcelona decides to carry out the projects explained before.

Chart 25. Solar and Wind system 50% demand coverage
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As SAM Energy software does not have the option to simulate different system all-in-one it
is needed to take the results separately from both simulations and calculate the final results
using excel, as the Chart 25 shows.
In the graph, it is made clear that the highest peaks of demand, which take place in the
coldest months of the year, from November to February (which they are currently all
covered above the 60%), cannot be covered completely by both systems working in parallel
covering the 50% of the demand separately, so that will mean that there is going to be
needed the connection to the grid.
Could be another option to provide the system with batteries that could storage the excess
of energy generated, as for instance, from March to October, both included, the amount of
energy is over the one demanded, in small portions, and this overproduction could be
supplied in those months were the lack of energy takes place. Even doing that, could not
be enough for supply all the energy needed, so it will be recommendable to stay connected
to the grid.

4.4.2 Demand coverage of 100%
In order to be able to see if there is any chance for the city of Barcelona to be disconnected
completely from the grid, in this section there are going to be carried out the same series of
simulations that were proceeded in the previous section but, this time, intending to provide
100% of demand coverage, first with the solar PV system, and later with the wind system.
After that, everything is going to be wrapped up, as done before and then provide the results
for an idyllic situation. The reason why would be idyllic is because installing those systems
being able to generate enough energy for the whole city by their own, would implicate a
huge investment, which more than probably will be out of the budget available.
Solar PV system
Starting with the solar PV system, the whole set up is the same as the one done previously,
the only thing that will change now is the number of panels installed and the array size.

Table 22. Energy summary solar 100% fully covered
Chart 26. Demand coverage solar 100% fully covered

Pg. 74

Report

In this simulation there are needed a total amount of 26,045,280 panels, distributed in
651,132 strings in parallel of 40 modules each and with a total array size of 7.5 GW of direct
current. As it can be seen on the Chart 26, on the right, the value of excess of energy
produced is extremely huge compared with the demand needed by the end of the year, but
this is the only way to cover the first months of January and February the first year.
Another alternative would be leave uncovered January and February of the first year (stay
connected to the grid) and use the excess of energy generated at the end of the first year
to provided it at those two months of the second year.

Table 23. Energy summary solar 100% partially covered
Chart 27. Demand coverage solar 100% partially covered

As shown on the Table 23 and Chart 27 above, with this energy production model the
months of January and February would be covered the second year and so that, the cost
of the whole project would be much cheaper than in the previous example. Despite the cost
installation is a bit higher than the budget predicted, this is the approach is going to be
considered later when mixing this technology with the wind energy too.
Wind system
In order to recreate the simulation done before but this time with wind energy, it has been
proceeded under the following assumptions: 17 m/s wind speed offshore model and a wind
farm size of 700,000 kW with 280 turbines. This setup is the maximum that SAM Energy
can support and is the one which is going to proceed with from now on.

Table 24. Energy summary wind 100% coverage
Chart 28. Demand coverage wind 100%
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With this configuration, the maximum demand that can be provided with this wind system it
is around the 91.1% of demand coverage. However, it can still be seen that there are some
months that are uncovered, like the first three and the last one (December to March) which
are the month of higher consumption, due to the heater performance in the winter season.
Besides, looking to the economical side, it is possible to see that the NPV is positive and
the payback period is only 8.3 years. But there is one point that is not matching with the
conditions that were established before: the total installation costs are over the budget that
the government of Barcelona has for this technology. As it can be seen on the Figure 68
below, the total cost is $ 6,434M and the budget predicted for building wind energy project
was $ 5,761.96 M.

Figure 68. Total installed cost wind 100% coverage

In front of this situation there are only two alternatives left. On one hand could be considered
the option of extend the budget that was predicted before in order to match with the costs
of this installation. On the other hand, can be possible to build a smaller array size, with less
turbines and, consequently, less energy generated, and demand covered, but adjusting the
costs to the initial budget, as shown on the following Table 25 and Chart 29:

Table 25. Energy summary wind system smaller array
Chart 29. Demand coverage wind system smaller
arraykW array size), the energy demand can
With that configuration (240 turbines and 600,000
be covered in a 79% and the installation costs would be $ 5,515.2 M, lower than the initial
budget which was $ 5,761.96 M.

Pg. 76

Report

Solar PV and wind systems
After analysing both systems separately, solar PV and wind, in this section it has been
carried out the simulation of 100% of demand coverage within the mix between those two
renewable technologies.

Chart 30. Solar and Wind system 100% demand coverage

As it can be seen on the Chart 30 above, all the months along the year are completely
covered with the 100% coverage solar PV system and the 91% coverage wind system.
Besides, the demand profile is not only fully covered but, as well, there is a huge excess of
energy generation that can be whereas traded with the grid or stored in a battery storage
system.
As mentioned before, this configuration exceeds the budget previewed by the government
of Barcelona as the solar PV system would cost $ 10,783.11 M and the wind system $
6,434 M which would turn out in a total amount of $ 17,217.11 M, but this analysis it has
been done with the aim of showing the capabilities and which would be the configuration of
the renewable systems that the city could implement.

4.5 Comparative table
Below, in Table 26, it is shown the comparative between the alternatives presented
alongside with the different demand coverages.

50%

100%

Energy Demand Energy Production
Cost (M$) Budget (M$)
(kWh/yr)
(kWh/yr)
Solar PV
3.23E+09
5,392
9,528
Wind
3.50E+09
3,681
5,762
Solar PV + Wind
6.73E+09
9,073
15,290
6.83E+09
Solar PV
5.26E+09
10,783
9,528
Wind
6.46E+09
6,434
5,762
Solar PV + Wind
1.17E+10
17,217
15,290
Table 26. Comparative table between 50% and 100% coverages
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As it can be seen, and as a summary, the best option to choose for the government of
Barcelona would be the 100% demand coverage, even if the total installation cost of both
systems is $ 1927 M above the budget, because the quantity expended it is not too far from
what it was previously predicted and, thus, the demand of the city would be fully covered.

Chart 31. Energy models comparison versus Barcelona's demand profile

However, combining both energy systems with the 50% of demand coverage would be an
affordable and eligible option that, although the demand is not fully covered (winter months,
from November until February are uncovered), the rest of the year the energy produced is
enough to cover all the city demand and, overall, the yearly energy produced is close to the
energy demand value needed (see Chart 31 above) and, more important, the costs are
inside the budget range that was predicted.
Those models could help the city to move into greener scenarios, self-producing energy
and preventing from the production of harmful emissions for the environment. Even if it is
not possible to be fully renewable, being able to produce around 60-70% of the energy
demanded from renewable resources would help the city to produce energy in a cleaner
way, being capable of self-supply and produce its own electricity.
All the charts and simulations above have been done with the help of the SAM Energy
software alongside with its documentation and forums [30].
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5 Execution of the project
5.1 Temporal horizon

Figure 69. Phases of the project and temporal horizon
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5.2 Economic study

STAGES

PHASES
1.1 Contract negotiations and signature
1.2 Measurements campaign (for demo design)
1. Planning and design
1.3 Energy audit and basic engineering
1.4 Procurement process for panels and wind turbines supply & executive project
2.1 Municipal permissions request
2. Permitting
2.2 Environmental impact evaluation
3.1 Detailed engineering for procurement process for installation
3. Executive design
3.2 Detailed engineering for solar PV panels installation and integration
3.3 Detailed engineering for wind turbines installation and integration
4.1 Procurement process for solar PV panels and wind turbines
4. Procurement
4.2 Procurement process for installation
4.3 Procurement process for control system (if applicable)
5. Area Preparation
5.1 Extension of structures
6.1 Mechanical installation
6.2 Electrical works
6.3 Control system
6. Installation/Constructoin 6.4 Accoustic isolation & others
6.5 Safety & Health
6.6 New installation legalization
6.7 Environmental license modification (if aplicable)
7.1 Components commissioning
7. Commissioning
7.2 Commissioning and start of exploitation
8. Production/Operation 8.1 Exploitation and maintenance

560
1120

2019
560
1120
3360
5600

Budget for every year in US dollars ($)
2020
2021

3360
5600
560

12320

560

12320
1120
1120

560
560
6720

1120
1120

6720
5E+09
3E+09

2022

6720
5E+09
3E+09

1120
2240

2240
2240
3360
2240

1680

10640

21840

15120

Figure 70. Detailed economic costs of the project
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6 Conclusions
At this stage of the project there are going to be listed and explained the main conclusions
extracted after analysing the energy model developed for the city of Barcelona.
Accordingly with the project objectives listed before at the beginning of this work, below are
listed the conclusions extracted from:
•

It has been possible to establish the picture of the city of Barcelona in terms of
energy resources availability, emissions currently generated and new
opportunities fields that could be checked and improved.

•

It has been found that the main resources available in the city are the sun and
the wind and it has been stated where can be located the projects that could be
developed from these resources and quantified numerically the potential of them,
including the energy that could be generated.

•

Thankfully to the Renewable Energy Plan issued by the government of Barcelona
it has been possible to know the funds that the city is able to invest in RES
projects, so that, it has been possible to perform an economical and technical
analysis.

•

It has been successfully calculated the energy needs, both for single-family and
multi-family dwellings. Besides, it has been extrapolated those unitary energy
demand profiles to the entire city and surroundings needs.

•

After being able to calculate the demand for every dwelling it has been performed
and shown an energy demand profile standard model and it has been possible to
show how to cover this demand with the different technologies available in the
city, which are mainly solar and wind energy.

•

It has been developed a complete simulation analysis with SAM Energy software
which has allowed to preview the amount of energy generation depending on the
inputs established alongside with the economical parameters and the technical
data provided by this software which has helped to understand the behaviour of
the systems studied under different scenarios.

•

With the help of the software acquired, it has been possible to complete several
analyses of the different technologies, such as solar, wind and biomass energy
(even this last one has been discarded for the following analysis because its low
efficiency). The results, both the technical (energy) and economical (costs,
budget), have been compared and this has allowed to choose the best option
according with the funds that were available. It has been defined as well the
horizon of the project and its stages.

Furthermore, after an exhaustive study of Barcelona’s energy distribution, it has been
verified that the city is still too much dependant on fossil fuels and other non-renewable
energy resources. However, it has been found that has also a great potential of renewable
energies and that the government is taking several actions in order to impulse them.
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As commented before on the objectives, it has been accomplished the main purpose of the
project which was performing an energy model and a way of analysing regions in order to
let the reader understand how to make a completed energy analysis of any desired location.
Besides, this work has allowed the knowhow of potential and energy production calculation
and analysis, which are the parameters that need to be considered and how they should
be measured.
The main conclusion of this project is giving an overall perspective and a few detailed
insights of how to promote the energy model that is running nowadays in the city. The main
purpose would be helping the government (and not only Barcelona’s one) to go forward on
the several implementations of renewable energy production systems, in order to be able
to save money, reduce CO2 emissions and making smarter cities with a higher percentage
of energy production coming from RES.
So, overall, it is being demonstrated in this work that increasing the renewable percentage
of the city is something feasible and that is not too far from where they are, so this project
is trying to encourage and help the government to use this information in order to improve
Barcelona’s way of producing energy.

6.1 Next steps
The future lines of this project would be:
•

Make further analysis with different solar technologies such as CSP (which is a
technology that Barcelona is betting for as well), as solar power is one of the main
resources in Spain.

•

Make a huge implementation such as done for Barcelona but this time for the
whole Spanish country with distribution lines that could bring energy to those
places where is not possible to produce it due to lack of resources.
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8 Annex
8.1 Solar PV map
In the calculations per piece of ground it has been considered the following calculation
hypothesis:
•

The useful area of generation for each plot, independent of the category, is taken
as an average value, therefore, it is considered 85% of the map value

•

The installable power is obtained from a coefficient of occupation of 70% of the
useful surface (70% cover the distance between plates to avoid shadows).

•

The module used in the simulation is 270 W and 2 m2

•

The generated energy is calculated in average and with a value of 1,250 kWh /
kWp·year.

•

For the calculation of equivalences in the dwellings has been considered a total
value of 2,300 electrical kWh.

•

The calculation of the common areas has been considered based on the height
of the building.

•

The saving of greenhouse gas emissions has been calculated according to the
displacement of combined cycles; This is equivalent to a specific value of 0.360
kgCO2eq / year

•

In the price estimation has been considered a value of € 3.5 / kWp.

•

The maintenance cost is € 30 / kWp·year

•

The estimated economic savings are estimated at € 0.12 / kWh.

8.2 Wind map (Onshore)
The considerations regarding the calculations are:
•

The small-scale wind map provides less data than solar maps, since there is no
such information available.

•

Depending on the area, the average energy value that could be obtained has
been calculated with a 1 kW type wind turbine.

•

The energy obtained depends on the estimated wind regime in the area where
the building is located, but no shielding between farms has been considered.

•

The emission savings have been calculated based on the displacement of energy
from combined cycle plants, that is, it has been considered a saving value of
0.360 kgCO2eq / year

•

The useful area of generation for each plot, independent of the category, is taken
as an average value, therefore, it is considered 85% of the map value
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8.5 SolarWorld Sunmodule SW 285 Mono Datasheet [ref]
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‘SolarWorld Americas’. Accessed 23 June 2019. http://www.solarworld-usa.com/.
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8.6 Nordex N90 – 2500 HS wind turbine Datasheet [ref]
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