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Abstract  

The collateral effects of fossil fuels push humanity to seek solutions to these 

adversities. Energy efficiency and renewable energies have gone from being 

almost imaginary concepts to necessary. Several studies have shown that self-

sufficiency through photovoltaic systems and wind energy is possible. In 

addition, it is necessary a storage of the surpluses of both since it increases 

notably the efficiency of these systems and supposes to the short/medium term 

a saving of money in the consumer. Due to the mentioned before, the aim of 

the thesis is to convert a science park located in a cold climate such as Sweden 

into a complex that does not depend energetically on external sources. For this 

purpose, a series of data from the park were first collected and then simulated 

and optimised using the HOMER software for different energy configurations. 

At the same time, a computer code was created in MatLab to enable the energy 

produced to be used responsibly. The proposed system consists of PV panels, 

wind turbines and a battery. Thanks to it, a 64 % renewable fraction is achieved, 

which means a reduction of 27.45 tons of CO2 per year. In addition, through 

the energy management system created, the electricity contract is reduced, 

reducing the purchase of electricity during peak hours. It is concluded that the 

implementation of both proposed systems contributes significantly to the 

achievement of the sustainable goals set for 2 030 by the main world leaders, 

even though a total disconnection with the electrical grid has not been achieved. 

 

Keywords: renewable energy, wind energy, photovoltaic, energy storage, 

hydrogen, energy management, building efficiency  
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Nomenclature 

Abbreviations and Acronyms     

Letters Descriptions         

PV Photovoltaic 

SWT Small wind turbine 

Bat Battery 

FC Fuel cell 

EMS Energy management systems 

AC Alternating current 

DC Direct current 

RS Reference scenario 

NASA National Aeronautics and Space Administration 

IEA International Energy Agency 

HVAC Heating, ventilation and air conditioning 

DHW Domestic hot water 

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 

SSR Self-sufficiency ratio 

NPV Net present value 

CHP Combined heat and power 

AIMMS Advanced integrated multidimensional modelling software 

COE Levelized cost of energy 

CO2 Carbon dioxide 

SO2 Sulphur dioxide 

NOx Nitrogen oxides 

NaNiCl Sodium nickel chloride 

H2O Water molecule 

H2 Hydrogen molecule 

O2 Oxygen molecule 

USA United States of America 

UK United Kingdom 
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1 Introduction 

1.1 Background 

One of the greatest challenges facing the entire world is managing climate change. Its 

harmful effects on living beings are scientifically proven: the average surface 

temperature of the planet has risen by about 1.1 degrees Celsius since the end of the 

19th century, a change generated mainly by increased carbon dioxide and other man-

made emissions into the atmosphere (NASA, 2019). Furthermore, the energy needs 

will increase by 25 % by 2 040 (Deutsche Welle, 2018). Nowadays, the 76,9 % of 

the electricity is produced by fossil fuels, mostly by coal (40 %). On the other hand, 

solar and wind technologies produce less than 10 % of the total electricity generation 

(International Energy Agency (IEA), 2017) . As a result, if the generation model 

continues in the same trend, the damage generated to the Earth will be irreversible. 

 In addition, environmental limits are becoming more and more restrictive so it is 

necessary and obligatory to increase global energy efficiency so as not to compromise 

future generations and expose them to diseases that can be generated by pollutants. 

Because, for now, humans can only live on Earth, actions are being taken to counter 

this threat and keep the planet habitable. Countries, to a greater or lesser extent, are 

trying to reduce their dependence on fossil fuels (one of the major causes of 

greenhouse gases) by changing their current energy model dependent on fossil fuels 

such as oil, coal or natural gas to another in which renewable energies such as solar, 

wind or hydroelectric energy are increasingly important. Moreover, it is not only a 

question of betting on new energy sources but also of optimizing those current energy 

systems that are not efficient, such as industry or buildings. Public sector and private 

sector depend on energy supply that is imported or produced in other regions. In 

Scandinavia the supply of green fossil free energy is relatively inexpensive and reliable. 

There is a need to develop solutions that can produce and store energy over longer 

periods.  
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Therefore, this study wants to emphasize the energy consumption of the housing 

sector because it consumes 30 % of natural gas over the world consumption which is 

not little. In addition, this sector consumed 27.1 % of the total electricity used 

worldwide. Due to this, a Science Park located in Sandviken, Sweden (see Figure 1), 

is going to be analysed looking into its energy supply, consumption and efficiency.  

This Project has been proposed by Sandbacka Science Park as part of the philosophy 

followed in recent years by the people of Sandviken (Sandbacka Pure Power, 2019).It 

seeks to reduce its energy consumption as well as replace its energy sources by 

installing photovoltaic panels and / or windmills to try to be self-sufficient. The 

duration of the project is 20 years. Due to the special characteristics of the Swedish 

climate (long winters and few hours of light during it), it is indispensable to install 

seasonal energy storage systems (fuel cells) that store energy excess, mostly in 

summer, to use in times of low production. 

 

FIGURE 1.  LOCATION OF SANDBACKA SCIENCE PARK. 
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1.2 Literature review 

1.2.1 Building energy efficiency 

In 2 017, the building sector together with the construction sector was responsible 

for 36 % of total energy consumption and nearly 40 % of direct or indirect CO2 

emissions. The energy demand in buildings has not stopped growing in recent years 

due basically to three reasons: increased ownership, increased electronic devices and 

improved access to energy in developing countries. However, according to the results 

of the Efficient World Scenario (Energy Efficiency, no date), buildings will be on 

average 40 % more efficient in 2 040 than today. The study divides the total energy 

consumption of the building into six groups: space heating and cooling, water heating, 

lighting, cooking and appliances. Heating of buildings was the largest sector in 2 017 

with 36 % followed by cooling with 6 % (Energy Efficiency, no date). Key measures in 

the first and second groups are an increase in efficiency (e.g. with increased use of 

heat pumps) and an improvement in the insolation of buildings and windows, leading 

to a reduction in both heat and cooling demand. The study concludes that energy 

demand will remain constant in the coming decades, but buildings will become 

significantly more efficient implying a reduction in atmospheric CO2 emissions (from 

9.02 Gt CO2 in 2 015 to 6.07 Gt CO2 in 2 030).  

More specifically, focusing on the characteristics of this work, the published 

bibliography on office buildings was studied. It should be noted that there are not 

many studies on energy efficiency in them and on the estimation of energy 

consumption and the demand for equipment within these offices. Next, the most 

interesting studies will be commented, referring to efficiency in office buildings. The 

first of these initially studies world energy use (Pérez-Lombard, Ortiz and Pout, 

2008), indicating that primary energy consumption is growing faster than the world 

population and that energy consumption in developed countries will be lower than in 

emerging economies. Within the buildings sector, offices are, together with the 

commercial and retail sectors, the largest consumers of energy and CO2 emitters. In 

addition, the final energy use in offices is as follows: 50 % for HVAC systems, 20 % 

for lighting, 10 % for equipment and the remaining 30 % is distributed in DHW, food 

preparation, refrigeration and others.  
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As Sandbacka Science Park is located in Sandviken, Sweden, it was interesting to 

obtain information on the efficiency of buildings in cold climates. Buildings in these 

climates are different from those built in warmer zones for obvious reasons. The heat 

generated inside buildings should be kept as much as possible inside them because 

outside temperatures can be very low, and this results in heat transfer from inside to 

outside. One study that addresses this difference was carried out by Xi’an University 

of Arquitecture and Technology (Lam et al., 2008). They simulated five offices 

located throughout China with different climates: Harbin (severe cold climate), 

Beijing (cold), Shanghai (hot summer and cold winter), Kunming (mild) and Hong 

Kong (hot summer and warm winter). All of them had the same initial conditions as 

the area, occupancy density, lighting load density, equipment load density, indoor 

temperatures in summer and winter, infiltration ratio, operation hours, etc. The 

parameters, apart from the meteorological data, which varied between offices were 

the U-value of the walls, windows and ceilings and the shade coefficient. Once all the 

cases had been simulated, it was concluded that Harbin's office (with the coldest 

climate and characteristics similar to Sandviken) was the one which needed the most 

heating load because it was the one that had the most losses, being the conduction 

losses in windows and walls the most noteworthy. These losses are reduced if the U-

value decreases. However, the window solar radiation was significantly higher than 

other cases so a strategy in solar passive should be stimulated. As expected, Harbin 

had the lowest cooling demand of the five, but it is true that even in winter it needed 

cooling due to internal heat generation. To conclude, the study wrapped up that the 

biggest difference between the offices was in the consumption necessary for heating 

in winter (1 925 MWh in Harbin to 70 MWh in Kunming). However, the annual 

cooling in Hong Kong was "only" twice as much as in Harbin. 

As for the thickness of the thermal insulation, the greater it is, the lower the cost to 

heat and cool the environment, but the capital cost of the building increases. As a 

consequence, a balance is sought between the economic cost and the thickness 

(Kaynakli, 2012). One of the greatest advantages of consuming less energy is, as well 

as the economic one, the environmental one, since with an appropriate thickness the 

emissions of CO2 and SO2 to the atmosphere are reduced. The study assures that it 

could be reduced up to 77 % using as insulation a layer of fiberglass urethane with an 

air gap of 6 centimetres approximately. The use of other materials is also possible as 

extended polystyrene foam. The latter is quite commonly used since it has a shorter 

return on investment time so, you could say that quality-price is one of the best 

materials. 
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On the other hand, another aspect that considerably influences the occupants and the 

energy system that surrounds them is the definition of the indoor temperature of the 

buildings (Nicol and Humphreys, 2002). A thermal system that ignores sustainability 

will increase its emissions of gaseous and particulate pollutants into the atmosphere 

and thus increase its contribution to climate change. Consequently, it is talk about 

adaptive thermal comfort which is based on surveys carried out on people's sensations 

in order to be able to adapt to their needs. Then, through an analysis, comfort 

temperatures or conditions are predicted (Onose, 2016). That temperatures vary 

constantly because it is the result of people's interaction with the building and depends 

directly on the climate, the nature of the building and the time. Some studies 

suggested that an algorithm could be developed relating the comfort temperature and 

the outdoor temperature to calculate the optimal temperature provided by HVAC 

systems in order to save energy. 

Evidently, the comfort temperature in a building varies according to the seasons of 

the year as people wear different clothes. For that reason, standards such as ASHRAE 

propose different ideal temperatures for winter and summer since the metabolic rate 

of individuals changes with the seasons and so does the insulation used in the form of 

clothing. 

To arrive to a more sustainable scenario, several simulations have already been carried 

out to predict the energy use by HVAC devices. For example, in the UK, one study 

estimated 10 % savings and another in Europe estimated savings up to 18 % (Onose, 

2016). However, it should not be forgotten that a low energy standard could lead to 

a level of discomfort. Finally, it should be noted that naturally ventilated buildings 

could use half of the energy compared to forced ventilated buildings. In conclusion, 

it could be said that maintaining a constant temperature during all the year in a 

building attempts the sustainable growth of the building sector. 
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1.2.2 Energy supply and storage 

Returning to the issue of renewable energies and more specifically solar energy, there 

is a challenge due to the intermittent energy supply that this type of energy provides. 

It is therefore advisable to use batteries to store the excess electricity produced and 

discharge that electricity in case of excess demand (Li et al., 2009). Another solution 

to this challenge is to connect our PV system to the grid as this would compensate for 

the peaks (ups and downs) of the energy. However, logically, if it is a stand-alone 

system, this connection does not exist. It is true that the use of energy produced in 

Sweden through PV is insignificant, 0.2 % of total energy (2017) (Neubourg, 2013). 

The major reason for this percentage is the seasonal mismatch between load and 

production in northern Europe. As a matter of fact, Sweden's average daily 

production in June is 10 times higher than in December. As it has been commented, 

the conventional battery is the most common way of storing energy. There are mostly 

three types of batteries:  Lithium ion, NaNiCl and Lead Acid. These batteries were 

compared using a dynamic simulation in the study (Zhang, Lundblad and Campana, 

2016). For its analysis, they used the electrical load data of a residential building in 

Gothenburg, an electrical production using PV panels of 1 kWp and the necessary 

meteorological data (global horizontal radiation, the diffuse horizontal radiation, wind 

speed and ambient temperature) provided by the database "Meteonorm" (Meteonorm, 

2019). The study concluded that the lithium ion battery provided a higher SSR, than 

the other two batteries (NaNiCl and Lead Acid). In addition, it was only possible to 

achieve a high SSR using a seasonal storage system, which allowed excess electricity 

to be stored in summer and used in winter when demand is greatest. Sooner rather 

than later, the use of clean energies will be common in our lives. A current fact is that 

the hybrid/electric car is taking a step forward from the traditional internal 

combustion car. 
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However, conventional batteries have a big problem: they are only able to store 

energy for a few days. This means that, especially in places with such different and 

seasonally dependent climates as Sweden, they are not as effective. Therefore, an 

alternative energy storage solution is hydrogen (which can be stored in large tanks for 

later use). This system consists of the following components: fuel cells combined with 

an electrolyser, hydrogen tanks and a compressor. The fuel cell basically consists of 

two electrodes (anode and cathode) separated by a membrane. The hydrogen is 

directed to the anode and the air, or pure oxygen, to the cathode. After the reaction, 

electricity and H2O are obtained. In the electrolyser the decomposition of H2O into 

H2 and O2 occurs due to the interaction of water and electricity. Hydrogen is 

compressed at high pressures by the compressor to increase the amount of storage in 

the tanks. This system is invertible, which means that we can obtain hydrogen when 

there is excess production or obtain electricity when there is a great demand. There 

are different studies relating to PV power systems comparing the two types of storage 

described so far: conventional battery or hydrogen fuel cell. The one in ref. (Zhang et 

al., 2016) dealt with a comparison between the SSF and the cost of performance of 

the two types of storage mentioned above in a residential building in Sweden. The 

NPV and SSF were calculated for different combinations (varying the PV capacity in 

100, 200 and 300 kWp and the battery capacity from 50 kWh to 800 kWh). As a 

main conclusion of this article it could be determined that the storage of batteries had 

a higher yield than that of hydrogen with the same NPV, batteries reached higher SSR 

values than the hydrogen storage. In addition, it was obtained that the price of the 

electrolyser was the most sensitive factor. Only by reducing the current price of the 

electrolyser by 25 % could the hydrogen system become competitive (with an SSR 

like higher NPV). Another studies (Matsuura, Kawahara and Yoshifumi, 2014), 

(Dufo-López, Bernal-Agustín and Contreras, 2007) calculated the optimal hybrid 

system by a mixed integer programming problem. 
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An in-depth study of the comparison of storage types using PV systems was carried 

out by Li et al., cited above. This work is interesting because it studied together the 

cost of the system and the efficiency. It compared three types of technologies: 

PV/battery system, PV/FC system and PV/FC/Battery system. Initially, it 

performed a sensitive analysis in order to know which component is more sensitive 

to a change in its efficiency, resulting in the inverter being the most sensitive and the 

compressor the least. However, if the initial cost or the cost of electricity is increased, 

the components that most notice this rise are the PV and the hydrogen tank (in the 

opposite way, the battery and compressor). From the PV/battery study it was 

obtained that the minimum total annualised cost of the system was given when the 

battery was able to supply the system for 3 days in a row. In addition, if the capacity 

of the battery decreased, the cost increased considerably because it does not cover the 

demand. It was observed that the distance between the maximum performance point 

and the minimum cost point was large, therefore, an intermediate point between the 

two would be the most appropriate. It then concluded that the PV/FC system was 

more expensive than the previous one and the efficiency of the latter was significantly 

lower (43.63 % compared to 80.93 % for the PV/battery system). However, in this 

case the point between the lowest annual cost and the highest performance almost 

coincided, making the choice easier. Finally, in the case of PV/FC/battery, it was 

obtained that the efficiency increased notably with respect to the PV/FC system 

(75.27 % as opposed to 43.69 % for the PV/FC system) also implied a reduction in 

cost (due to the low cost of hydrogen tanks) and a use of fewer PV modules comparing 

the other two technologies. 

Another study on hybrid batteries proposed a strategy to maximise the economic 

benefits for private consumers (Wang and Karady, 2016). It allowed anyone who 

wanted to invest in a storage system to have a practical reference. This study had two 

parts: a simulation part and an experimental part (in an intelligent home model in 

Arizona, USA). It was concluded that a good battery charging strategy could eliminate 

peak-hour demand and that if a consumer invested in the storage system, it would be 

profitable in less than 10 years. 

Finally, it is interesting to analyse solar energy together with wind energy. The 

production of wind energy is more constant than that of solar energy (due to 

meteorological facts). In addition, if you add a storage of excess energy, an 

optimization of the system can be obtained. Article (Bocklisch and Lindner, 2016) 

carried out a technical and economic study and a comparison between PV, wind 

energy, hybrid systems with batteries and heat storage. If a high degree of self-supply 

was required, the PV / SWT combination could be advantageous. At the end of it, he 

concluded that this combination increased the self-sufficient ratio from 16 % to 27 % 

(compared to a PV plant or a SWT). Furthermore, if a storage system was added to 

the PV / SWT system, that efficiency would increase to 85 % with economic benefits. 
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1.2.3 Energy management 

Due to the great importance which does not cease to grow on the subject in question, 

articles, news and books published about the sustainable management of energy are 

thousands. There are studies (Danny Parker, David Hoak, Alan Meier et al., 2006) 

that claim to be able to reduce energy use in homes by 10 – 15 % by installing 

monitors that show in detail when and how energy expenditures. These types of 

devices are indispensable in so-called "zero emissions" houses because, in order to be 

self-sufficient, it is first necessary to reduce the demand of electricity to a minimum. 

In addition, a change in energy use behaviour could reduce the use of energy in such 

houses by 30 – 40 % (Danny Parker, David Hoak, Alan Meier et al., 2006). 

Thanks to this technology, it is possible to control the use of energy to heat and cool 

the house, as well as to control luminaires, household appliances and high 

consumption office equipment. At the same time, it helps not to waste even the 

slightest watt-hour. In short, these systems are vital for the energetic monitoring of a 

home and thanks to their price (increasingly cheaper due to advances in the field of 

electronics) generate benefits in a home.  

So far, it seems that the monitors are the solution to the energy problems of a home, 

but the generic devices are not powerful enough to use in complicated systems. As a 

result, multiple studies have been conducted on the best methods for sorting and 

processing data. In addition, modern buildings require advanced systems due to their 

high complexity, and the operation strategy is crucial for the proper functioning of 

the network. For this, thanks to computer techniques, workers at Tongji University, 

Shanghai, tried to develop a method that could allow them to process these data (Feng 

and Li, 2017). It was based on Symbolic Aggregation Approximation (SAX) as data 

pre-processing and weighted association rule mining algorithm (WARM) to detect 

abnormalities in network behaviour. They assured that this system was an efficient 

way to monitor and supervise the energy consumption in buildings, but it was 

indispensable to have good input data for data mining since its management could 

become complicated due to the large number of data handled. To do this, in the pre-

processing of data (detect and diagnose the quality of data) it was necessary to have 

clear the types of errors that one could find.  
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The strategy used by them was Association rule mining which was a data mining 

technique applied to identify hidden relationships in the form of rules. It consisted of 

speeding up the data processing process by reducing the number of information to be 

processed, since as they increased, the processing speed decreased rapidly. 

Consequently, the data was normalized and divided into subsequences and then 

divided into segments using the SAX method. Thanks to this, it was possible to obtain 

typical days that occurred with certain frequency during the year quickly. After the 

processing, their interpretation was much faster and easier than analysing them in a 

conventional way.  

Once the data are sorted out properly, a system which allows to optimize the existing 

energy system in a building is needed. Here enter what are called: energy 

management systems (Su and Wang, 2012). These systems are ideal for intelligent 

micro-grids of energy because the nature of it, i.e. due to the type of energy normally 

found in these networks (wind energy, photovoltaic that are intermittent) they help 

to manage their use. They increase the performance of the system by reducing energy 

use, peaks and also reduce the economic cost and environmental impact through an 

efficient use of the sources. In addition, thanks to the possibility of producing more 

energy than needed, it can be sold to the network to make the system cheaper. To 

achieve this, the system must first be modelled. One possibility is to model it with 

linear mixed systems with the aim of minimizing costs (Marzband et al., 2017). It 

should be noted that these systems can be used for real-time optimization. In this case, 

a system with different energy sources was chosen: the grid, wind turbine, 

photovoltaic panels, micro-turbine and storage systems (batteries). After modelling 

the system with its respective constraints and contour equations, the results obtained 

using this model were as follows: as expected, the system was optimized, achieving 

the minimum cost for the system, i.e. when demand was high but insufficient "green" 

generation, the storage system was used to supply the demand. On the other hand, 

when possible, the storage system was loaded thanks to excess energy production. A 

detail to emphasize about the system is that storage system was more than 50 % loaded 

during more than 50 % of the simulated time. Thanks to this study, it was 

demonstrated that an intelligent energy management reduces the operating costs of a 

typical micro-electrical network of a building.  
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However, in these times it is not enough to simply reduce costs, but to be 

environmentally friendly, so it is possible to model different types of EMS with 

different objectives. There can be applied advanced management systems that 

minimize the amount of emissions and maximize renewable energy production. One 

method is to apply Advanced Integrated Multidimensional Modelling Software 

through nonlinear optimization (Elsied et al., 2015). They highlighted the need to 

combine different renewable energy sources as they are irregular when producing 

energy. They proposed a micro-grid containing a heat and power plant, fuel cells, 

photovoltaic panels and wind turbines. Thanks to the CHP plant and fuel cells, 

operational costs, emissions and primary energy were reduced thanks to its ability to 

take advantage of waste heat by making better use of energy. On the other hand, solar 

and wind energy did not emit polluting gases into the atmosphere, so they were very 

respectful of the environment. Therefore, thanks to changing the objective function 

into a one which minimized the environmental impact, the results obtained by this 

other team were somewhat different. It is true that taking into account the emissions 

made the system more expensive because the CHP plant was not allowed to operate 

at full capacity. So, by removing the environmental restriction and the restriction of 

transferable energy allowed to the network, a lower price was achieved thanks to the 

sale of electricity to the network. Another aspect dealt with in this work was the 

efficiency of the AIMMS method which turned out to be much faster than the generic 

algorithms (90 iterations to get the optimal result using AIMMS compared to the 1 

000 iterations to be performed with a generic algorithm). This is something other 

studies agree with, it means, generic algorithms are not very efficient in complex 

buildings.  
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The last aspect that could be taken into account is the correct supply of electricity to 

the grid. In recent years, different techniques have been used to control the voltage 

of the grid, but the irruption of micro-generating plants (a house capable of providing 

electricity to the grid) has had a negative impact on it such as increasing voltage and 

fluctuation problems. Therefore, it is also possible to add equations to the EMS 

method that solve the problem. Some studies have already gone through this 

(Yoshizawa et al., 2016) with the aim of reducing, the operational cost of the system 

and to improve the supply to the network by decreasing the amount of electricity that 

is restricted when entering the network when it exceeds the limits (lowering the 

quantity of electricity that exceed the limit). To study this, they studied a model with 

FC, air conditioning, PV, automatic windows and automatic blinds for both sunlight 

and thermal insulation. A demand was generated by approximations (which was 

difficult due to its variability) for the system to work, but as being an in-situ 

monitoring system, it could adapt to changes to fulfil the real demand by buying 

electricity or using fuel cells. As the same time, the voltage monitor maintained an 

adequate voltage to supply it to the network. Thanks to this system, it was 

demonstrated that it was possible to reduce the operational cost by generating energy 

at the right time and reducing the demand, in addition, thanks to voltage monitoring, 

it was possible to reduce the curtailed PV output which could not be sent into the 

grid.  

1.3 Aims 

The main objective of the thesis is to convert the science park into a not connected 

facility to the electrical grid. To this end, renewable energy sources such as 

photovoltaic panels and/or windmills are to be installed, thus ensuring the 

disconnection of the park from fossil fuels with the aim of reducing the environmental 

impact generated. 

Since the time for the completion of the thesis is only 2 months, it will be difficult to 

delve into all aspects of the topic. In addition, the data provided by the park are not 

very detailed, so some assumptions have been made: 

• Uniform distribution of energy consumption during working hours. 

• Uniform distribution of energy consumption during closing hours. 

• Possibility of varying the orientation angle of the PV panels on a monthly basis. 

• Possibility of installing wind turbines without prior environmental study in 

the forest adjacent to the science park. 

• Introduction of PV panels on the roof and in the car parks without estimating 

the cost of the work prior to conditioning. 
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• Estimation of sellback prices in Sweden and Spain at 50% of their purchase 

value. 

• Infinite capacity to buy and sell electricity for HOMER simulations. 

• Absence of technical stoppages for maintenance of some components. 

• 100 % efficiency in the connections between components. 

• No taxes on pollutant emissions. 

 

On the other hand, the limitations of this project are the following: 

• Incomplete initial data. 

• Limited implementation time. 

• Area available in the park for the installation of photovoltaic panels. 

• Absence of the full license of HOMER Pro. 

 

1.4 Approach 

In order to carry out the study, the initial data of the park was arranged. Afterwards, 

an energy generation and storage system has been dimensioned and, finally, the 

energy use of this system has been optimised. 
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2 Method 

During the execution of this Master Thesis, a methodology was followed that allowed 

the studied science park to be transformed into a complex that is less dependent on 

the traditional electrical system. In addition, an attempt was made to reduce the 

environmental impact which it generates through a study of its initial state and the 

modelling of new configurations in order to evaluate them. The methodology applied 

is shown below: 

2.1 Knowledge of the science park and collection of 

information  

To carry out this phase, meetings were held with park executives (general manager, 

development manager and technical department). Thanks to these meetings, the 

following documents were obtained: drawings of the buildings and car parks, installed 

luminaires, HVAC... The park consists of several linked buildings and two car parks 

(see Figure 2: buildings in blue and car parks in green) with electric chargers and 

typical battery heaters of Nordic regions. At the same time, information about 

electricity demand was obtained from the energy supplier. The HÖGBOMÖTET 2.0 

congress, organized by Svea Vind Offshore (Svea Vind Offshore, 2019), was also 

attended to complement and enrich the information on renewable energies and 

sustainable growth. 

 

FIGURE 2.  SATELLITE VIEW OF SANDBACKA SCIENCE PARK. 



 
16 

2.2 Analysis of initial data and evaluation of possible 

solutions  

By studying the information previously obtained, measures were proposed that could, 

on the one hand, reduce energy consumption and, on the other, self-manage 

electricity production through renewable energies and seasonal storage. It was 

proposed to install photovoltaic panels, small wind turbines, conventional batteries 

and fuel cells. It should be noted that some of the proposed measures had already been 

assessed by the management team, so it is not surprising that some of them will be 

applied in the future. 

2.3 Modelling of the science park  

After evaluating the park's need, it was modelled in the HOMER Pro software (v. 

3.12.5) which allows micro-grids to be analysed in order to optimise their electrical 

flows. First of all, the demand was adapted into an hourly format due to the data 

supplied by the energy company were monthly like in Figure 11, using as reference 

an office in a cold climate (see Appendix A). As the park is opened from 7:30 to 17:00 

during weekdays and closed on weekends it was decided to set a minimum 

consumption during closed hours due to impossibility of shutting down certain 

equipment. The rest of the energy use was distributed in working hours as shown in 

Figure 12. Secondly, the 2 018 electricity price in Sweden was obtained from 

NordPool (Elspot Prices, 2018). At the same time, meteorological data, which is 

collected in Appendix B such as solar radiation per m2, wind speed and ambient 

temperature were obtained concerning the location of the park (NASA basedate, 2019). 

Knowing the latitude of the park (60°), the optimum monthly inclination of the PV 

panels was obtained (Photovoltaic Geographical Information System, 2019). Finally, the 

emissions per kWh of purchased electricity were obtained (Matthew Brander, 2011). 

Thanks to the general drawings of the park, the available area was calculated, on the 

roof and in the car parks, for the placement of PV panels. Finally, the data was entered 

into the software to simulate the behaviour of the different system showed below:  

2.3.1 Reference scenario (RS) 

This case was defined by the baseline data collected in the previous steps. It is a simple 

system connected to the grid as shown in Figure 3.  

 

FIGURE 3.  REFERENCE SCENARIO SCHEMA. 
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2.3.2 RS + PV 

As a first proposal it was decided to implement photovoltaic panels in the building to 

reduce the amount of electricity purchased from the grid. From now on, the 

possibility of pouring electricity into the grid was evaluated. In addition, an inverter 

was installed to convert the energy generated into direct current to alternating 

current in order to use this energy in the park. In Figure 4 you can see the schema of 

this case. 

 

FIGURE 4.RS +  PV  SCHEMA. 

2.3.3 RS + SWT 

On this occasion a new type of renewable energy was introduced. It is wind energy. 

This source is more constant than solar because the average wind speed remains 

almost invariable throughout the year. Therefore, the system was simulated with 

small wind turbines. See Figure 5 to see the system diagram. 

 

FIGURE 5.  RS  +  SWT  SCHEMA. 
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2.3.4 RS + PV + SWT   

Figure 6 shows the configuration of the previous case by adding PV energy. 

 

FIGURE 6.  RS  +  PV  +  SWT. 

2.3.5 RS + PV + Bat 

Following the previous case, apart from the PV panels, a lithium-ion battery was 

installed to store short term energy excess electricity generated in the photovoltaic 

panels or energy purchased from the network. See Figure 7 for configuration. 

 

FIGURE 7.  RS  +  PV  +  BAT SCHEMA. 

2.3.6 RS + PV + SWT + Bat 

It was decided to combine the previous cases by adding a battery system to the solar 

and wind energy to store the excess electricity. 

 

FIGURE 8.  RS  +  PV  +  SWT  +  BAT. 
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2.3.7 RS + PV + SWT + FC 

It was decided to incorporate a new energy storage method. This consists on a fuel 

cell, an electrolyser and a hydrogen tank. As mentioned above, this system is used to 

store energy seasonally because batteries are a short-term storage method. The 

hydrogen generated could also be used for other purposes as fuel for hydrogen cars. 

Figure 9 shows the configuration of this system. 

 

FIGURE 9.  RS  +  PV  +  SWT  +  FC  SCHEMA. 

2.3.8 RS + PV + SWT + Bat + FC 

Finally, a hybrid storage system was implemented such as the one shown in Figure 10. 

 

FIGURE 10.  RS +  PV  +  SWT +  BAT  +  FC SCHEMA. 
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FIGURE 11.  MONTHLY ELECTRICITY CONSUMPTION IN 2018. 

 

 

FIGURE 12.  HOURLY WEEKDAY CONSUMPTION IN JANUARY. 

2.3.9 Lower demand scenario 

After simulating the previous cases and analysing which was the most favourable, it 

was again optimized by reducing the demand for the science park according to the 

values indicated in the literature review. It was decided to reduce it by 15 %, a value 

that could be reached by improving the insulation and reducing the internal 

temperature by adjusting it in a variable way according to the time of the year. 

2.4 Analysis of the proposed measures 

Different combinations of the system were simulated, varying electrical prices, 

installed power of different components, efficiencies, minimum renewable fraction, 

etc. Afterwards, the economic and energy results were treated by means of 

spreadsheets for their correct analysis. 
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2.5 Comparative of the park on a different climate 

After analysing the different alternatives in the previous section, the best option was 

chosen taking into account its cost and its renewable fraction. This proposal was 

compared by changing its location to a sunnier climate. The location chosen was the 

Belartza Industrial Park located in San Sebastian, Spain. In order to adapt the park to 

the new climate, the following inputs were changed: solar radiation, wind speed and 

temperature.  

2.6 Development of an EMS system  

For a daily use of the implemented system it was decided to develop a program to 

manage the use of energy day-to-day through MatLab software (v. R2015a). First, the 

problem to be dealt with was studied by identifying the baseline data, variables, 

constraints and the objective function. Next, a mathematical model of the system was 

made, obtaining equations. Finally, the model was transformed into a computer code 

(see Appendix D), already mentioned in the theory section, to optimize it and a series 

of analyses were made to corroborate its functionality. 

 

FIGURE 13.  EMS SCHEMA. 

 

It was considered appropriate to carry out an analysis of the amount of kW circulating 

on each track in one hour (kWh) and thus determine at which times of the day 

electricity should be consumed/supplied in each system. The tracks are shown in 

Figure 13. 

2.6.1 Mathematical model 

2.6.1.1 Initial data 

• Purchase and Sellback electricity price: Price per kWh in Sweden for a 

random week in January 2 018 and July 2 018. They are column vectors 

[120x1]. The units are € / kWh. The data have been obtained from the official 

website of "Nord Pool". 

• Solar radiation: It is a vector column [120x1] that indicates for each hour of 

the day of the week the amount of W per m2. 
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• Battery limits: the battery chosen was the "Generic 4 h 1 MW Li-Ion". It has 

a capacity of 4 MWh and can provide a maximum of 0.9 MW in continuous 

mode. In addition, it is guaranteed for 15 years. 

• Electricity contract: like domestic contracts, it sets us the power limit for the 

purchase and sale of the electricity network. In this case: 600 kW. 

• Efficiency of solar panels: Determines the solar irradiation that can be 

transformed into electrical energy. In this case, the efficiency of our solar 

panels is 17.1 %. 

• No. of panels: we have 3 929 panels, forming an effective area of 6 231 m2. 

2.6.1.2 Variables 

The variables to be used are Xij and bj. Both are of the continuous type, although each 

one represents different things. Firstly, the variable Xij indicates the amount of kW 

circulating on path i (see Figure 13) corresponding to hour j. While, the variable bj is 

the state of charge corresponding to hour j. 

Being:  i = [1-7] 

  j = [1-120] 

2.6.1.3 Restrictions 

• Battery: 

a) No more than 1 056 kW can enter the battery in one hour, therefore: 

x1j + x4j  ≤ 1 056 
(2.  1) 

b) No more than 900 kW can come out of the battery in one hour, therefore: 

x2j +  x7j  ≤ 900 
(2.  2) 

c) In order to know the energy stored in each moment, the following two 

equations have been implemented (E0 is the state of the battery at the 

beginning of the problem): 

b1 − x11 − x41 + x21 + x71 = E0 
(2.  3) 

bj − bj−1 − x1j − x4j + x21 + x71 = 0 
(2.  4) 

These equations also restrict the amount of outgoing and incoming energy 

to the battery, since the battery cannot give more energy than it has stored 

in a given hour. 
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• Park: 

The equation that causes the demand in the office to be supplied is the 

following: 

x3j +  0.95 · x7j  +  x6j =  Dj 
(2.  5) 

Where D is the demand column vector. 

• Solar: 

Limits the amount of energy that can be extracted from the sun. The limit is 

given by solar irradiation and the efficiency of the plates. 

x4j + x5j  + x6j ≤  Pj 
(2.  6) 

Where P is a vector column indicating the amount of kWh that can be 

converted to electricity. 

• Grid: 

a) As stipulated in the contract, no more than 600 kW can be extracted from 

the grid. 

x1j +  x3j  ≤  600 
(2.  7) 

b) Like the previous restriction, but the other way round, i.e. no more than 

600 kW can be poured to the grid. 

0.95 · x2j +  x5j  ≤  Contract 
(2.  8) 

2.6.1.4 Objective function 

The objective of this model is to minimize the electrical cost of the Science Park, or 

in the case of maximizing profits. The aim is to amortize the investment in the solar 

panels and the battery. To do this, the objective function used was as follows: 

𝑀𝑖𝑛 ∑ Cj(x1j + x3j) –  Vj(x2j + x5j)

24

𝑗=1

 
(2.  9) 

Where C is the vector column of the cost of electricity and V, the vector column with 

the selling prices of electricity. 
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2.7 Conclusions  

After manipulating the data obtained in the previous phase, the conclusions were 

presented looking for the relationship of this work with the knowledge obtained in 

the master’s studies. 

2.8 Ethical considerations 

Regarding to ethical considerations of the project, it is worth mentioning that none 

of the persons included in this proposed research will take offense or experience 

physical injuries. 
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3 Results 

3.1 HOMER results 

The results obtained with the HOMER software of the cases explained in the method 

are shown below. The following components have been used for these simulations: 

• Photovoltaic panels: 280 W polycrystalline Bauer panel (Autosolar, 2019). It 

has an efficiency of 17.1 %. Its price is 131.38 € per unit. Installing 1 100 kW 

in Sandbacka Park, the photovoltaic production is indicated in Figure 16. 

• Wind Turbines: Evoco 10 kW (Wind turbines model, 2019). Its power curve is 

shown in Figure 14. Its price per unit is 30 000 €. With 20 wind turbines 

installed in the park, the wind production is shown in Figure 17. 

 

FIGURE 14.  EVOCO 1O KW  TURBINE POWER CURVE. 

• Converter: An inverter has been employed whose price is 278 € / kW. Its 

price will vary according to the case studied. 

• Batteries: A generic lithium-ion battery with a nominal capacity of 4.2 MWh 

has been used. Its price is 500 000 € per unit. 

• Electrolyser: Its efficiency is 85 % and costs 4 100 € per kW installed. 

• Fuel cell: Its size varies from 200 kW to 300 kW depending on the case. The 

fuel efficiency curve is shown in Figure 15. The price per kW is 3 000 €. 

 

FIGURE 15.  FUEL CELL EFFICIENCY CURVE. 

• Hydrogen tank: Its capacity varies from 100 kg to 125 kg and its cost is 450 € 

/ kg. 
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FIGURE 16.  PV  POWER OUTPUT FOR 1  100  KWP INSTALLED IN SANDVIKEN. 

 

 

FIGURE 17.  SWT  POWER OUTPUT FOR 20 EVOCO 10 KW  INSTALLED IN SANDVIKEN. 

3.1.1 Reference scenario (RS) 

An overview of the initial system is shown in Table 1. In this case the total cost of the 

system is 1.3 million € corresponding to the electricity purchased from the electricity 

company. In addition, the levelized cost of energy (COE) is 0.065 € / kWh.  

As for Table 2, the amount of toxic substances emitted into the atmosphere per year 

is indicated. COx, SOx and NOx emissions are noteworthy, where CO2 is the most 

significant quantity with 41 tons per year. 

TABLE 1.  RS SUMMARY. 

Cost System Grid 

NPC       
(€) 

COE 
(€/kWh) 

Operating 
cost  

(€/yr) 

Initial 
capital (€) 

Ren. Frac. 
(%) 

Total Fuel 
(L/yr) 

Energy 
Purchased  

(kWh) 

Energy Sold 
(kWh) 

1,337,332 0.065 115,973 0 0 0 1,796,895 0 
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TABLE 2.  RS EMISSIONS. 

Emitted substances kg/year 

Carbon Dioxide 41,329 

Carbon Monoxide 0 

Unburned Hydrocarbons 0 

Particulate Matter 0 

Sulfur Dioxide 179 

Nitrogen Oxides 88 

 

3.1.2 RS + PV 

The optimized system architecture is shown in Table 3 below. 

TABLE 3.  RS +  PV  ARCHITECTURE. 

 Architecture 

Sell to 
grid? 

PV          
(kW) 

Converter 
(kW) 

No 1,100 652 

Yes 1,100 831 

 

From now on, two simulations are shown in all cases: selling the excess energy to the 

grid or not.  

Table 4 indicates the general data of both optimizations. It must be said that the most 

restrictive limiting factor is the maximum installed power of PV (1 100 kW) since the 

maximum area for its installation in the park is fixed. On the one hand, if electricity 

is not sold, the total cost is 1.75 million €, the renewable fraction is 38 % and the 

excess electricity is 16.1 %. On the other hand, the cost of the system selling energy 

is 1 696 million €, the renewable fraction is 48 % and the excess electricity is 0.1 %. 

Table 5 shows the emissions where CO2 is the most significant amount with about 25 

tons per year for both cases. In addition, Appendix C shows the costs of the system 

components. Finally, Figure 18 shows the average monthly power per type of energy 

source. 
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TABLE 4.  RS +  PV  SUMMARY. 

  Cost System Grid 

Sell to grid? 
NPC             
(€) 

COE 
(€/kWh) 

Operating 
cost 

(€/yr) 

Initial 
capital (€) 

Ren. Frac. 
(%) 

Total Fuel 
(L/yr) 

Energy 
Purchased 

(kWh) 

Energy Sold 
(kWh) 

No 1,753,465 0.085 92,053 691,962 38.01 0 1,113,947 0 

Yes 1,696,002 0.069 82,748 741,806 48.02 0 1,110,991 340,621 

PV Converter 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Rectifier 
Mean 

Output 
(kW) 

Inverter 
Mean 

Output 
(kW) 

510,714 1,084,736 0 78 

510,714 1,084,736 0 117 

 

 

TABLE 5.  RS +  PV  EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No Yes 

Carbon Dioxide 25,621 25,553 

Sulfur Dioxide 111 111 

Nitrogen Oxides 54 54 

 

 

FIGURE 18.  RS +  PV  DAILY AVERAGE ELECTRICAL POWER PER MONTH. 

 

3.1.3 RS + SWT 

The optimized system architecture is shown in Table 6 below. 

TABLE 6.  RS +  SWT  ARCHITECTURE. 

 Architecture 

Sell to 
grid? 

SWT          
(num) 

Converter (kW) 

No 16 112 

Yes 15 97 
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In this model, if no energy is sold to the grid, the total cost of the system is 1.82 

million € (see Table 7) where the component with the greatest weight on it is the 

electricity purchased. This translates into a cost per unit of energy of 0.088 € / kWh. 

A renewable fraction of 10 % is achieved through the installation of 16 wind turbines. 

Figure 19 shows the average monthly power of the energy sources. As can be seen in 

the figure, renewable production remains practically constant 365 days a year. This 

configuration generates an excess energy of 1.3 %. Regarding to emissions (see Table 

8), CO2 is the most significant quantity with 37.19 tons per year. 

On the other hand, selling energy does not generate significant consequences in the 

system since the cost, renewable fraction, excess energy and emissions are similar. 

Such differences are due to the installation of a smaller wind turbine and the electricity 

sale. 

TABLE 7.  RS +  SWT  SUMMARY. 

  Cost System Grid 

Sell to grid? 
NPC             
(€) 

COE 
(€/kWh) 

Operating 
cost 

(€/yr) 

Initial 
capital (€) 

Ren Frac 
(%) 

Total 
Fuel 

(L/yr) 

Energy 
Purchased 

(kWh) 

Energy Sold 
(kWh) 

No 1,818,898 0.088 113,406 511,169 10.01 0 1,616,998 0 

Yes 1,782,063 0.085 113,169 477,075 10.02 0 1,627,926 12,402 

SWT Converter 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Rectifier 
Mean 

Output 
(kW) 

Inverter 
Mean 

Output 
(kW) 

480,000 213,016 0 21 

450,000 199,703 0 21 

 

TABLE 8.  RS +  SWT  EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No Yes 

Carbon Dioxide 37,191 37,442 

Sulfur Dioxide 161 162 

Nitrogen Oxides 79 79 

 



 
30 

 

FIGURE 19.  RS +  SWT DAILY AVERAGE ELECTRICAL POWER PER MONTH. 

3.1.4 RS + PV + SWT 

The optimized system architecture is shown in Table 9. 
 

TABLE 9.  RS +  PV  +  SWT ARCHITECTURE. 

 Architecture 

Sell to 
grid? 

PV          
(kW) 

SWT          
(num) 

Converter 
(kW) 

No 1,100 19 697 

Yes 1,100 19 829 

 

In this case, if energy is not sold to the grid, the total cost of the system is 2.33 million 

€ (see Table 10) where the components with the greatest weight on it are the 

photovoltaic installation, the purchased grid and the wind installation in equal parts. 

This translates into a cost per unit of energy of 0.113 € / kWh. This installation 

reaches almost half of the renewable fraction, 47 % to be exact. Figure 20 shows the 

average monthly power of the energy sources. As can be seen in the figure, in the 

central months of the year renewable production is higher, with May being the month 

with the highest percentage of renewables. This configuration generates an excess of 

energy of 19.6 %. Regarding to emissions (Table 11), CO2 is the most significant 

quantity with 22 tons per year.  

On the other hand, the consequences of selling energy are mainly reflected in the 

renewable fraction increasing from 47 % to 57 %.  The total cost is similar to the 

previous case since on the one hand the cost of the inverter increases, but on the other 

hand the cost of the grid is reduced. As a result, the cost per unit of energy is now 

0.088 € / kWh. In this case, since there is the possibility of selling electricity, the 

excess energy is practically nil. Due to the increase in the purchased grid, CO2 

emissions are reduced a little bit. 
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TABLE 10.  RS  +  PV  +  SWT  SUMMARY. 

  Cost System Grid 

Sell to grid? 
NPC             
(€) 

COE 
(€/kWh) 

Operating 
cost 

(€/yr) 

Initial 
capital (€) 

Ren Frac 
(%) 

Total 
Fuel 

(L/yr) 

Energy 
Purchased 

(kWh) 

Energy Sold 
(kWh) 

No 2,331,821 0.113 91,686 1,274,556 47.00 0 952,310 0 

Yes 2,234,074 0.088 80,032 1,311,193 57.01 0 950,709 414,674 

PV SWT Converter 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Rectifier 
Mean 

Output 
(kW) 

Inverter 
Mean 

Output 
(kW) 

510,714 1,084,736 570,000 252,957 0 96 

510,714 1,084,736 570,000 252,957 0 144 

 

TABLE 11.  RS  +  PV  +  SWT  EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No Yes 

Carbon Dioxide 21,903 21,866 

Sulfur Dioxide 95 95 

Nitrogen Oxides 46 46 

 

 

FIGURE 20.  RS +  PV  +  SWT DAILY AVERAGE ELECT RICAL POWER PER MONTH. 

3.1.5 RS + PV + Bat 

The optimized system architecture is shown in Table 12. 

TABLE 12.  RS  +  PV  +  BAT ARCHITECTURE. 

 Architecture 

Sell 
to 

grid? 

PV          
(kW) 

Battery 
(num) 

Converter 
(kW) 

No 1,094 1 464 

Yes 1,100 0 831 
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On this occasion, if energy is not sold to the grid, the total cost of the system is 2 187 

130 € (see Table 13) where the component with the greatest weight on it is the 

photovoltaic installation followed by the set of batteries. This translates into a cost 

per unit of energy of 0.106 € / kWh. Thanks to the installation of the battery, a little 

more than half of the renewable fraction is achieved, 51 % to be exact. Figure 21 

shows the average monthly power of the energy sources. As shown in the figure, 

renewable production is higher in the summer. This configuration generates an excess 

energy of 4.43 %. Regarding emissions (see Table 14), CO2 is the most significant 

amount with 20.25 tons per year. Finally, the model requires a battery and its state 

of charge during the year is shown in Figure 22. 

On the other hand, the consequences of selling energy are mainly reflected in the total 

cost being reduced by 22.4 % since it is not necessary to install the battery while the 

cost of the inverter and the network increase. Due to this, the cost per unit of energy 

is now 0.069 € / kWh. Also, the renewable fraction is slightly reduced to 48 %. In 

this case, since there is the possibility of selling electricity, the excess energy is 

practically nil. Due to the increase in the purchased grid, CO2 emissions increase by 

26 %. 

TABLE 13.  RS  +  PV  +  BAT SUMMARY. 

  Cost System Grid 

Sell to grid? 
NPC             
(€) 

COE 
(€/kWh) 

Operating 
cost 

(€/yr) 

Initial 
capital (€) 

Ren. Frac. 
(%) 

Total Fuel 
(L/yr) 

Energy 
Purchased 

(kWh) 

Energy Sold 
(kWh) 

No 2,187,130 0.106 91,050 1,137,194 51.01 0 880,295 0 

Yes 1,696,002 0.069 82,748 741,806 48.02 0 1,110,991 340,621 

PV Battery Converter 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Nominal 
Capacity 

(kWh) 

Rectifier 
Mean 

Output 
(kW) 

Inverter 
Mean 

Output 
(kW) 

508,054 1,079,087 4,216 0 105 

510,714 1,084,736 - 0 117 

 

TABLE 14.  RS  +  PV  +  BAT EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No Yes 

Carbon Dioxide 20,247 25,553 

Sulfur Dioxide 88 111 

Nitrogen Oxides 43 54 
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FIGURE 21.  RS +  PV  +  BAT DAILY AVERAGE ELECTRICAL POWER PER MONTH. 

 

 

FIGURE 22.  RS +  PV  +  BAT BATTERY STATE OF CHARGE. 

3.1.6 RS + PV + SWT + Bat 

The optimized system architecture is shown in Table 15 below. 

TABLE 15.  RS  +  PV  +  SWT  +  BAT ARCHITECTURE. 

 Architecture 

Sell 
to 

grid? 

PV          
(kW) 

SWT          
(num) 

Battery 
(num) 

Converter 
(kW) 

No 1,100 20 1 711 

Yes 1,100 19 - 778 

 

On this occasion, if energy is not sold to the grid, the total cost of the system is 3.07 

million € (see Table 16) where the components with the greatest weight on it are the 

purchased grid, closely followed by the wind installation. This translates into a cost 

per unit of energy of 0.148 € / kWh. This configuration reaches a 64 % renewable 

fraction. Figure 23 shows the average monthly power of the energy sources. It should 

be noted that in July demand is covered almost 100 % by renewable energy. This 

configuration generates an excess of 7.7 % of energy. With respect to emissions (see 

Table 17), CO2 is the most significant quantity with 15 tons per year. Finally, the 

model requires a battery and its state of charge during the year is indicated in Figure 

24. 
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On the other hand, the consequences of selling energy are mainly reflected in the total 

cost being reduced by 19 % since it is not necessary to install the battery while the 

cost of the inverter and the network increase. As a result, the cost per unit of energy 

is now 0.096 € / kWh. In addition, the renewable fraction is reduced by 6 %. In this 

case, since there is the possibility of selling electricity, the excess energy is practically 

nil. Due to the increase in the purchased grid, CO2 emissions increase by 45 %. 

TABLE 16.  RS  +  PV  +  SWT  +  BAT SUMMARY. 

  Cost System Grid 

Sell to grid? 
NPC              
(€) 

COE 
(€/kWh) 

Operating 
cost      

(€/yr) 

Initial 
capital    

(€) 

Ren Frac 
(%) 

Total 
Fuel 

(L/yr) 

Energy 
Purchased 

(kWh) 

Energy Sold 
(kWh) 

No 3,073,953 0.148 109,275 1,808,514 64.00 0 646,859 0 

Yes 2,481,858 0.096 102,301 1,297,183 58.00 0 936,129 432,011 

PV SWT Battery Converter 

Capital 
Cost           
(€) 

Production 
(kWh/yr) 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Nominal 
Capacity 

(kWh) 

Rectifier 
Mean 

Output 
(kW) 

Inverter 
Mean 

Output 
(kW) 

510,714 1,131,032 600,000 266,270 4,216 0 131 

510,714 1,131,032 570,000 252,957 - 0 148 

 

TABLE 17.  RS  +  PV  +  SWT  +  BAT EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No Yes 

Carbon Dioxide 14,878 21,531 

Sulfur Dioxide 64 93 

Nitrogen Oxides 32 46 

 

FIGURE 23.  RS  +  PV  +  SWT +  BAT DAILY AVERAGE ELECTRICAL POWER PER MONTH. 

 

 

FIGURE 24.  RS +  PV  +  SWT +  BAT BATTERY STATE OF CHARGE. 



 
35 

3.1.7 RS + PV + SWT + FC 

The optimized system architecture is shown in Table 18. 

TABLE 18.  RS  +  PV  +  SWT  +  FC  ARCHITECTURE. 

 Architecture 

Sell 
to 

grid? 

PV          
(kW) 

SWT          
(num) 

FC        
(kW) 

Electrolyzer 
(kW) 

Hydrogen 
Tank       
(kg) 

Converter 
(kW) 

No 1,100 20 200 100 125 727 

Yes 1,100 19 200 100 100 725 

 

In this model, if energy is not sold to the grid, the total cost of the system is 3.17 

million € (see Table 19) where the component with the greatest weight on it is the 

eolic installation followed closely by the purchased grid. This translates into a cost per 

unit of energy of 0.152 € / kWh. This configuration reaches almost half the renewable 

fraction, 49 % to be exact. Figure 25 shows the average monthly power of the energy 

sources. Again, the central months of the year have the largest renewable fraction. 

This configuration generates an excess of 6.49 % of energy. Regarding to emissions 

(see Table 20), CO2 is the most significant quantity with 21 tons per year. In addition, 

a new polluting gas appears: carbon monoxide. Finally, the model requires an 

electrolyser, a fuel cell and a hydrogen tank whose state of charge during the year is 

shown in Figure 26. As can be seen in this figure, the system stores energy in the long 

term during the months of April and May. 

On the other hand, the consequences of selling energy are mainly reflected in the 

increase of the renewable fraction by 7 % while the cost is slightly reduced to 3 023 

million €. As a result, the cost per unit of energy is now 0.124 € / kWh. In this case, 

since there is the possibility of selling electricity, the excess energy is practically nil. 

Emissions increase minimally due to the slight increase in the purchased grid. 

TABLE 19.  RS  +  PV  +  SWT  +  FC  SUMMARY. 

  Cost System Grid 

Sell to grid? 
NPC               
(€) 

COE 
(€/kWh) 

Operating 
cost      

(€/yr) 

Initial 
capital    

(€) 
Ren Frac (%) 

Total 
Fuel 

(L/yr) 

Energy 
Purchased 

(kWh) 

Energy Sold 
(kWh) 

No 3,170,257 0.152 68,317 2,379,127 49.01 3122 916,222 0 

Yes 3,023,826 0.124 59,268 2,337,482 56.02 3008.536 924,089 304,306 

FC PV SWT Converter 

Production 
(kWh) 

Fuel 
(kg) 

Capital Cost        
(€) 

Production 
(kWh/yr) 

Capital Cost 
(€) 

Production 
(kWh/yr) 

Rectifier 
Mean 

Output (kW) 

Inverter 
Mean 

Output (kW) 

14,865 3,122 510,714 1,131,032 600,000 266,270 0 101 

14,326 3,009 510,714 1,131,032 570,000 252,957 0 134 
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TABLE 20.  RS  +  PV  +  SWT  +  FC  EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No Yes 

Carbon Dioxide 21,073 21,254 

Carbon Monoxide 0.624 0.602 

Sulfur Dioxide 91 92 

Nitrogen Oxides 45 47 

 

 

FIGURE 25.  RS  +  PV  +  SWT +  FC DAILY AVERAGE ELECTRICAL POWER PER MONTH. 

 

 

FIGURE 26.  RS +  PV  +  SWT +  FC HYDROGEN TANK LEVEL. 

3.1.8 RS + PV + SWT + Bat + FC 

The optimized system architecture is shown in Table 21. 

TABLE 21.  RS  +  PV  +  SWT  +  BAT +  FC ARCHITECTURE  

 Architecture 

Sell 
to 

grid? 

PV          
(kW) 

SWT          
(num) 

FC        
(kW) 

Battery 
(num) 

Electrolyzer 
(kW) 

Hydrogen 
Tank     
(kg) 

Converter 
(kW) 

No 1,100 20 250 1 100 100 643 

Yes 1,100 20 200 1 100 100 790 
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In this case, if energy is not sold to the grid, the total cost of the system is 3.69 million 

€ (see Table 22) where the component with the greatest weight on it is the eolic 

installation followed by the batteries. This translates into a cost per unit of energy of 

0.177 € / kWh. This configuration reaches a 64 % renewable fraction. Figure 27 

shows the average monthly power of the energy sources. It should be noted that, 

again, the central months of the year have the highest renewable fraction. This 

configuration generates an excess of 6.49 % of energy. Regarding to emissions (see 

Table 23), CO2 is the most significant quantity with 15 tons per year. In addition, as 

in the previous case, carbon monoxide is also emitted. In the same way, the model 

requires an electrolyser, a fuel cell and a hydrogen tank whose state of charge during 

the year is shown in Figure 28. 

On the other hand, the consequences of selling energy are mainly reflected in the 

reduction of the renewable fraction to 58 % while the cost rises slightly to 3.7 million 

€. As a result, the cost per unit of energy is now 0.155 € / kWh. In this case, since 

there is the possibility of selling electricity, the excess energy is practically nil. 

Emissions increase considerably, specifically by 35 %, due to the increase in the 

purchased grid. 

TABLE 22.  RS  +  PV  +  SWT  +  BAT +  FC SUMMARY. 

  Cost System Grid 

Sell to grid? 
NPC               
(€) 

COE 
(€/kWh) 

Operating 
cost      

(€/yr) 

Initial 
capital    

(€) 

Ren Frac 
(%) 

Total Fuel 
(L/yr) 

Energy 
Purchased 

(kWh) 

Energy Sold 
(kWh) 

No 3,688,574 0.177 59,923 2,994,655 64.00 593 646,848 0 

Yes 3,703,938 0.155 70,687 2,885,366 58.01 2578.662 868,410 271,243 

FC PV SWT Battery Converter 

Production 
(kWh) 

Fuel    
(kg) 

Converte
r (kW) 

Capital Cost        
(€) 

Production 
(kWh/yr) 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Nominal 
Capacity 

(kWh) 

Rectifier 
Mean 

Output (kW) 

Inverter 
Mean 

Output (kW) 

2,825 593 727 510,714 1,131,032 600,000 266,270 4,216 0 131 

12,279 2,579 778 510,714 1,131,032 570,000 252,957 4,216 0 137 

 

TABLE 23.  RS  +  PV  +  SWT  +  BAT +  FC EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No Yes 

Carbon Dioxide 14,878 19,973 

Carbon Monoxide 0.119 0.516 

Sulfur Dioxide 64 87 

Nitrogen Oxides 32 42 
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FIGURE 27.  RS +  PV  +  SWT +  BAT +  FC  DAILY AVERAGE ELECT RICAL POWER PER MONTH. 
  

 

FIGURE 28.  RS +  PV  +  SWT +  BAT +  FC  HYDROGEN TANK LEVEL. 

3.1.9 Sandbacka Science Park simulations summary  

Below, in Figure 29, the renewable fraction of all previously optimized cases and their 

Net Present Cost is shown.   

 

FIGURE 29.  NPC  COST AND RENEWABLE FRACTION OF ALL CONFIGURATIONS. 

 

In Figure 30, the CO2 emissions of the different cases are shown. 
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FIGURE 30.  EMITTED CO2  OF ALL CONFIGURATIONS. 

3.1.10 Lower demand scenario 

The optimized system architecture is shown in Table 24. 

TABLE 24.  LOWER DEMAND SCENARIO ARCHITECTURE. 

 Architecture 

Sell 
to 

grid? 

PV          
(kW) 

SWT          
(num) 

Battery 
(num) 

Converter 
(kW) 

No 1,100 18 1 606 

Yes 1,100 19 - 847 

 

On this occasion, if energy is not sold to the grid, the total cost of the system is 2.75 

million € (see Table 25) where the components with the greatest weight on it are the 

photovoltaic installation, closely followed by battery. This translates into a cost per 

unit of energy of 0.155 € / kWh. This configuration reaches a 70 % renewable 

fraction. Figure 31 shows the average monthly power of the energy sources. It should 

be noted that, again, the central months of the year have the largest renewable fraction 

particularly July and April, as demand is covered almost 100 % by renewable energy. 

This configuration generates an energy excess of 11.8 %. Regarding to emissions (see 

Table 26), CO2 is the most significant quantity with 10.5 tons per year. Finally, the 

model requires a battery. 
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On the other hand, the consequences of selling energy are mainly reflected in the total 

cost being reduced by 19 % since it is not necessary to install the battery while the 

cost of the inverter and the network increase. As a result, the cost per unit of energy 

is now 0.094 € / kWh. In addition, the renewable fraction is reduced by 6 %. In this 

case, since there is the possibility of selling electricity, the excess energy is practically 

nil. Due to the increase in the purchased grid, CO2 emissions increase by 60 %. 

TABLE 25.  LOWER DEMAND SCENARIO SUMMARY. 

  Cost System Grid 

Sell to grid? 
NPC             
(€) 

COE 
(€/kWh) 

Operating 
cost      

(€/yr) 

Initial 
capital    

(€) 

Ren Frac 
(%) 

Total 
Fuel 

(L/yr) 

Energy 
Purchased 

(kWh) 

Energy Sold 
(kWh) 

No 2,748,454 0.155 88,873 1,719,285 70.00 0 458,175 0 

Yes 2,224,708 0.094 78,447 1,316,269 64.00 0 734,158 512,130 

PV SWT Battery Converter 

Capital 
Cost        
(€) 

Production 
(kWh/yr) 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Nominal 
Capacity 

(kWh) 

Rectifier 
Mean 

Output 
(kW) 

Inverter 
Mean 

Output 
(kW) 

510,714 1,131,032 540,000 239,643 4,216 0 122 

510,714 1,131,032 570,000 252,957 - 0 149 

 

TABLE 26.  LOWER DEMAND SCENARIO EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No Yes 

Carbon Dioxide 10,538 20,525 

Sulfur Dioxide 46 73 

Nitrogen Oxides 22 36 

 

 

FIGURE 31.  LOWER DEMAND SCENARIO DAILY AVERAGE ELECT RICAL POWER PER MONTH. 

3.1.11 RS + PV + SWT + Bat in warm climate 

As a result of the change in the location of the park, photovoltaic and wind power 

generation are affected. In Figure 32 and Figure 33, the hourly generation power of 

2 018 for both energy sources is shown. 
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FIGURE 32.  PV  POWER OUTPUT FOR 1  100  KWP INSTALLED IN SAN SEBASTIAN. 
 

 

FIGURE 33.  SWT  POWER OUTPUT FOR 20 EVOCO 10 KW  INSTALLED IN SAN SEBASTIAN. 

 

Table 27 shows the architecture of the optimized system in San Sebastian, Spain. 

TABLE 27.  RS  +  PV  +  SWT  +  BAT WARM CLIMATE ARCHITECTURE. 

 Architecture 

Sell 
to 

grid? 

PV          
(kW) 

SWT          
(num) 

Battery 
(num) 

Converter 
(kW) 

No 1,100 20 1 709 

Yes 1,100 20 - 1085 
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In this model, if energy is not sold to the grid, the total cost of the system is 2.61 

million € (see Table 28) where the components with the greatest weight on it are the 

eolic and solar installations. This translates into a cost per unit of energy of 0.126 € / 

kWh. This configuration reaches practically a renewable fraction of 87 %. Figure 34 

shows the average monthly power of the energy sources. Once again, the central 

months of the year have the highest renewable fraction, especially in April and July. 

This configuration generates an excess of 17 % of energy. Regarding to emissions (see 

Table 29), CO2 is the most significant quantity with 80 tons per year. Finally, the 

model requires a battery and its state of charge during the year is indicated in Figure 

35. 

On the other hand, the consequences of selling energy are mainly reflected in the total 

cost being reduced up to 1.96 million € since it is not necessary to install the battery, 

in the same way the cost of the grid decreases while the cost of the inverter increases. 

Due to this, the cost per unit of energy is now 0.066 € / kWh. In addition, the 

renewable fraction is reduced by 10 %. In this case, since there is the possibility of 

selling electricity, the excess energy is practically nil. Due to the increase in the 

purchased grid, CO2 emissions increase by 152 %. 

TABLE 28.  RS  +  PV  +  SWT  +  BAT WARM CLIMATE SUMM ARY. 

  Cost System Grid 

Sell to grid? 
NPC             
(€) 

COE 
(€/kWh) 

Operating 
cost      

(€/yr) 

Initial 
capital    

(€) 

Ren Frac 
(%) 

Total 
Fuel 

(L/yr) 

Energy 
Purchased 

(kWh) 

Energy Sold 
(kWh) 

No 2,614,188 0.126 69,624 1,807,928 87.01 0 233,341 0 

Yes 1,965,305 0.066 47,730 1,412,573 77.00 0 589,069 764,375 

PV SWT Battery Converter 

Capital 
Cost        
(€) 

Production 
(kWh/yr) 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Nominal 
Capacity 

(kWh) 

Rectifier 
Mean 

Output 
(kW) 

Inverter 
Mean 

Output 
(kW) 

510,714 1,481,966 600,000 594,940 4,216 0 225 

510,714 1,481,966 600,000 594,940 - 0 148 

 

TABLE 29.  RS  +  PV  +  SWT  +  BAT WARM CLIMATE EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No Yes 

Carbon Dioxide 80,012 201,991 

Sulfur Dioxide 347 0 

Nitrogen Oxides 170 876 
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FIGURE 34.  RS +  PV  +  SWT +  BAT WARM CLIMATE DAILY AVERAGE ELECTRICAL POWER PER MONTH. 

 

 

FIGURE 35.  RS  +  PV  +  SWT +  BAT WARM CLIMATE BATTERY STATE OF CHARGE.. 

 

 

FIGURE 36.  RS +  PV  +  SWT +  BAT WARM CLIMATE PURCHASED ELECTRICITY. 

 

 

FIGURE 37.  RS +  PV  +  SWT +  BAT WARM CLIMATE SELLBACK ELECTRICITY. 

3.1.12 RS + PV + SWT + Bat +FC in warm climate 

Table 30 shows the architecture of the optimized system in San Sebastian, Spain. 

TABLE 30.  RS  +  PV  +  SWT  +  BAT +FC  WARM CLIMATE ARCHITECTURE. 

 Architecture 

Sell 
to 

grid
? 

PV          
(kW) 

SWT          
(num) 

FC        
(kW) 

Battery 
(num) 

Electrolyzer 
(kW) 

Hydrogen 
Tank (kg) 

Converter 
(kW) 

No 1,100 20 200 1 100 100 762 
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In this case, if energy is not sold to the grid, the total cost of the system is 3.43 million 

€ (see Table 31) where the component with the greatest weight on it is the eolic 

installation. This translates into a cost per unit of energy of 0.165 € / kWh. This 

configuration reaches 87.5 % renewable fraction. Figure 38 shows the average 

monthly power of the energy sources. The central months of the year stand out for 

their higher renewable fraction. This configuration generates an excess of 13.9 % of 

energy. Concerning to emissions (see Table 32), CO2 is the most significant quantity 

with 77 tons per year. In addition, as in other cases FC is emitted carbon monoxide. 

In the same way, the model requires an electrolyser, a fuel cell and a hydrogen tank 

whose state of charge during the year is shown in Figure 39. 

TABLE 31.  RS  +  PV  +  SWT  +  BAT +FC  WARM CLIMATE SUMMARY. 

  Cost System Grid 

Sell to grid? 
NPC             
(€) 

COE 
(€/kWh) 

Operating 
cost 

(€/yr) 

Initial 
capital    

(€) 

Ren Frac 
(%) 

Total Fuel 
(L/yr) 

Energy 
Purchased 

(kWh) 

Energy 
Sold 

(kWh) 

No 3,428,109 0.165 47,543 2,877,548 87.50 1477 224,522 0 

FC PV SWT Battery Converter 

Production 
(kWh) 

Fuel    
(kg) 

Converter 
(kW) 

Capital 
Cost        
(€) 

Production 
(kWh/yr) 

Capital 
Cost (€) 

Production 
(kWh/yr) 

Nominal 
Capacity 

(kWh) 

Rectifier 
Mean 

Output (kW) 

Inverter 
Mean 

Output (kW) 

7,031 1,477 727 510,714 1,131,032 600,000 594,940 4,216 0 179 

 

TABLE 32.  RS  +  PV  +  SWT  +  BAT +FC  WARM CLIMATE EMISSIONS. 

Emitted substances kg/year 

Sell to grid? No 

Carbon Dioxide 76,989 

Carbon Monoxide 0.295 

Sulfur Dioxide 334 

Nitrogen Oxides 163 

 

 

FIGURE 38.  RS +  PV  +  SWT  +  BAT +FC  WARM CLIMATE DAILY AVERAGE ELECTRICAL POWER PER MONTH. 
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FIGURE 39.  RS  +  PV  +  SWT +  BAT +FC  WARM CLIMATE HYDROGEN TANK LEVEL. 

 

3.2 MatLab results 

This section shows the results obtained using MatLab software. As previously 

mentioned, the program is a simulation of an EMS system, so the outputs of the 

program are: when to buy electricity, when to use the battery, etc. 

3.2.1 January 

The results of a random week in January are listed below. The electricity that will 

have to be bought that week is shown in Figure 40 and in turn, you can predict where 

that electricity would go. As can be seen in this figure, the energy purchased from the 

grid is to charge the battery and to supply the demand of the science park. In this case 

the amount flowing to the park is greater than that used to charge the battery: 16.7 

MWh as opposed to 12.4 MWh. 

Figure 41 shows the amount of energy produced by the PV panels. As with purchased 

electricity, this can also be used to recharge the battery or to supply demand, although 

in this case, almost 100 % of what is produced is used to supply demand. Thanks to 

the PV panels, 6.8 MWh are generated in 5 days, where 26.8 kWh are used to charge 

the battery. 

As for Figure 42, it reproduces the demand and the sources used to supply it. In this 

case, the energy consumed by the park in these five working days is 35.9 MWh which 

is supplied thanks to the network, battery and photovoltaic system. The network 

provides 46.5 % of the necessary energy, batteries 34.5 % and PV energy 19 %. 

Figure 43 shows the state of charge of the energy storage system and the purchase 

price of electricity. These two curves are directly related because, when the price of 

electricity is high the state of charge of the battery decreases. 

Finally, it should be noted that although the peak demand is approximately 600 kW, 

thanks to the battery it is possible to reduce the electrical contract to 300 kW. Also, 

the renewable fraction corresponding to these days is 19 % and the electricity sold to 

the network is zero. 
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FIGURE 40.  PURCHASED ELECTRICITY IN JANUARY. 

 

 

FIGURE 41.  PV  GENERATION IN JANUARY. 

 

 

FIGURE 42.  DEMAND IN JANUARY. 
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FIGURE 43.  STATE OF CHARGE AND ELECTRICITY PRICE IN JANUARY. 

3.2.2 June 

Below are the results of a random week in June. The electricity that will have to be 

purchased that week is shown in Figure 44 and at the same time, you can predict 

where that electricity would go. As can be seen in this figure, the energy purchased 

from the grid is to charge the battery and to supply the demand of the science park. 

Contrary to the previous case, the amount flowing to the park is less than that used 

to charge the battery: 4.7 MWh as opposed to 6.9 MWh. 

Figure 45 shows the amount of energy produced by the PV panels. In the same way 

as purchased electricity, it can also be used to recharge the battery or to supply 

demand. Although almost 100 % of what is produced is used to supply demand, more 

energy is used than in January to charge the battery. Thanks to the PV panels, 19.2 

MWh are generated in 5 days, of which 760 kWh are used to charge the battery. 

As for Figure 46, it reproduces the demand and the sources used to supply it. In this 

case, the energy consumed by the park in these five working days is 30.9 MWh which 

is supplied thanks to the network, battery and photovoltaic system. The grid provides 

15.3 % of the necessary energy, batteries 24.9 % and PV energy 59.8 %. Figure 47 

shows the state of charge of the energy storage system and the purchase price of 

electricity. These two curves are directly related because, when the price of 

electricity is high the state of charge of the battery decreases. 

Finally, as before, although the peak demand is approximately 600 kW, thanks to the 

battery it is possible to reduce the electrical contract to 300 kW. Likewise, the 

renewable fraction corresponding to these days is 62.2 % and the electricity sold to 

the network is zero. 
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FIGURE 44.  PURCHASED ELECTRICITY IN JUNE. 

 

 

FIGURE 45.  PV  GENERATION IN JUNE. 

 

 

FIGURE 46.  DEMAND IN JUNE. 
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FIGURE 47.  STATE OF CHANGE AND ELECTRICITY PRICE IN JUNE. 
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4 Discussion 

It should be noted that the results previously obtained with both the HOMER and 

MatLab software are conditioned by the method used. On the one hand, if it is robust 

and complete, the results will be closer to reality. On the other hand, the more 

weaknesses you have, the less representative these results will be. As every method 

has its weak points, in this case the following should be mentioned:  

The time allotted for the realization of the project has been a limiting factor since the 

science park has not had time to supply all the desired data, which leads to a greater 

number of assumptions. As for the software used, they are approximations of reality, 

so the results are not 100 % accurate. In addition, only the mathematical model has 

been developed for the RS + PV case due to the time and complexity involved in 

developing the computer code. Therefore, if the duration of the thesis had been larger 

a more complete and optimized code could have been done. 

The results obtained in chapter 3 are going to be analysed, starting with the first case 

simulated in HOMER and ending with the last case of MatLab: 

As far as the RS + PV case is concerned, the one that contemplates the possibility of 

selling energy has been considered better because the NPC is lower and the renewable 

fraction is higher. Comparing it with the reference scenario, as is logical, after the 

implementation of photovoltaic panels the park begins to generate clean energy and 

this increases the renewable fraction of the system and, on the other hand, reduces 

the energy dependence of the park with the grid. However, this requires an initial 

investment. Therefore, the cost per energy consumed increases from 0.065 € / kWh 

(average price of electricity in Sweden in 2 018) to 0.069 € / kWh. In addition, CO2 

emissions are reduced by 38 %. For this reason, the implementation of PV panels in 

a science park is considered appropriate.  

As for the RS + SWT case, like in the PV case, the one that contemplates the 

possibility of selling energy has been considered better because the NPC is lower and, 

in addition, the renewable fraction is slightly higher. However, when compared to 

the RS + PV scenario, the situation is unfavourable. Due to the lower energy 

production by SWT, the renewable fraction achieved is 10 %, considerably lower 

than previously achieved. In addition, the cost of the system is 5 % higher and, as the 

amount of purchased energy is higher, the annual CO2 emissions are not sufficiently 

reduced compared to the RS. For these reasons, this configuration is not considered 

feasible. 
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Regarding the RS + PV + SWT case, as in the previous cases with renewable sources, 

it has been considered better the one that contemplates the possibility of selling energy 

because the NPC is lower and in addition the renewable fraction is 10 % higher. 

Likewise, comparing it with the best scenario so far (RS + PV), a more favourable 

situation is found. It is true that the cost of the system increases to 2.23 million €, 

resulting in a rise of 2 € cents per kWh of COE. However, the renewable fraction 

increases by 9 %, reducing emissions by 3 687 kg per year. Consequently, if it had to 

be chosen between the case of installing only PV panels or PV + SWT would opt for 

the second. Similar results were obtained in the article mentioned in the literature 

review. 

In relation to the RS + PV + Bat case, unlike the previous cases with renewable 

sources, it has been considered better the one that does not contemplate the 

possibility of selling energy. This is because of, although the NPC is higher, the 

renewable fraction is higher, this being the main reason for the study. Likewise, 

comparing it with the best scenario so far (RS + PV + SWT), the situation is 

unfavourable. It is true that the NPC cost is slightly lower (40 000 €) but the 

dependence of the system on the grid is higher. In addition, the annual CO2 emissions 

are similar between the two configurations. For all these reasons, this configuration 

is less convenient.  

As for the case RS + PV + SWT + Bat, as in the previous case, the one that does not 

contemplate the possibility of selling energy has been considered better. This is due 

to the fact that, although the NPC is higher, the renewable fraction increases 6 points 

to 51 %. Also, compared to the best scenario so far (RS + PV + SWT), CO2 emissions 

are reduced by 6 988 kg (equivalent to planting approximately 40 trees (Carbon 

footprint, 2018)) increases the renewable fraction by 7 %. In order to achieve these 

positive data, a higher NPC is necessary. For these reasons, this configuration is the 

most favourable so far.  

Regarding the case RS + PV + SWT + FC, it has been considered better the one that 

contemplates the possibility of selling energy because the NPC is lower (150 000 € 

difference) and in addition the renewable fraction is 7 % higher. Also, compared to 

the best scenario so far (RS + SWT + Bat), the cost of both systems is similar. On the 

other hand, the COE is lower, but it is due to higher energy use. Consequently, the 

CO2 emissions of the FC case are 1 007 kg per year higher than the battery case. 

Consequently, if one had to choose between one of the two types of storage studied, 

the battery would be chosen. The reasons for this assertion are as follows: the 

difference between the energy produced through PV and SWT and the park demand 

is not high enough to install a seasonal storage system; the efficiency of the FC system 

is considerably lower than that of batteries and they are generally more expensive as 

it was concluded too by (Nelson, Nehrir and Wang, 2006).  
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About the case RS + PV + SWT + Bat + FC, it has been considered better the one 

that does not contemplate the possibility of selling energy. This is because the 

renewable fraction reaches 64 % compared to 58 % if energy is sold. In addition, the 

NPC cost is practically the same and CO2 emissions are 5 095 kg lower. On the other 

hand, compared to the best scenario so far (RS + PV + SWT + Bat), the NPC cost is 

600 000 € higher and the COE is also higher, due to the increased cost. As the 

renewable fraction is the same and both do not sell electricity to the grid, CO2 

emissions are the same, but the FC emits small amounts of carbon monoxide. 

Therefore, the final configuration chosen for the Sandbacka Park is PV + SWT + Bat.  

 

After analysing all previous cases and deciding that the best configuration in the ratio 

renewable fraction - price - emissions is PV + SWT + Bat this case has been compared 

with the same, but with reduced demand without selling energy in both cases. As a 

consequence of reducing demand, the renewable fraction rises from 64 % to 70 % 

and the NPC cost decreases by 325 500 euros. Likewise, CO2 emissions are reduced 

by 4 340 kg per year, which corresponds to 1.1 hectares of trees. Analysing the 

results, the economic effort involved in reducing the demand for the park is valuable. 

In addition, some measures (such as changing the luminaires) that implies investments 

are not too expensive and the NPC would continue being lower than in reference 

scenario. 

 

Finalizing HOMER optimizations, the system that would generate the most benefits 

in San Sebastian would also be the PV + SWT + Bat configuration. A renewable 

fraction of 87 % is reached, increasing 23 points. Its NPC is 2.6 million €, reducing 

460 000 € but CO2 emissions are 80 012 kg, 438 % higher. It is because Spain’s energy 

policies are different than in Sweden and they produce electricity emitting much more 

CO2 through coke, gas and oil plants. These results are achieved because PV 

production increases from 1.131 MWh / year to 1.482 MWh / year and eolic 

production from 266 MWh / year to 595 MWh / year. Due to this, the purchase of 

electricity in the Spanish configuration is substantially lower (from 647 MWh / year 

to 233 MWh / year). Although the RS + PV +SWT+ Bat + FC configuration has a 

higher renewable fraction, this does not represent a noticeable increase since it only 

increases by 0.5 points. Its NPC is 814 000 € higher and the emissions of polluting 

substances are similar. As mentioned in chapter 3.2, the state of charge of the battery 

decreases with the increase in the price of electricity. It should be point out that the 

seasonal storage system works better in Spain because of its higher self-production. 



 
54 

As for the MatLab simulations, both cases, random weeks in January and June, are 

compared below. As expected, the electricity purchased from the grid is lower in 

June than in January, 11.7 MWh and 29 MWh respectively. The difference in purpose 

between the two months is noteworthy, since in June 60 % of the electricity 

purchased goes to the battery and the remaining 40 % for instant use and in January 

it is the other way around. Regarding the use of the energy generated by the PV 

panels, in both cases it is used, almost in its entirety, directly to feed the load because 

passing through the battery means losses of 5 %. Both months also follow different 

patterns regarding the supply of the demand. In June 60 % of the demand is covered 

by the PV panels, 25 % by the battery and 15 % by the grid. In January 46 % 

corresponds to the network, 35 % to the battery and 19 % to the PV panels. It is 

noteworthy that in January 12.4 MWh circulate from the battery to the load and in 

June 7.7 MWh. This may seem contradictory, but in January the battery is used more 

because there is more energy being bought from the grid. The software proposes to 

buy electricity at off-peak hours (cheaper) to use it at peak hours. This endorses the 

results obtained by a study of the Polytechnic University of Madrid (Castillo-Cagigal 

et al., 2011). 

For both cases, the electricity sold to the grid is nil because there is no overproduction 

of PV panels, i.e. PV production is almost always lower than demand. The renewable 

fraction for the month of January is 19 % and 62.2 % in June thanks to the notable 

increase in solar irradiation. Finally, thanks to the battery, it is possible to reduce in 

both cases the electrical contract from 600 kW to 300 kW. 
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5 Conclusions 

5.1 Study results 

The results obtained in this study indicate that it is not feasible to build a science park 

completely isolated from the grid in a cold climate. This is because the price of these 

facilities skyrockets when it comes to obtaining renewable fractions greater than 55-

60 %. In order to achieve the most self-sufficient installations possible, it is concluded 

that the optimum system is the one that incorporates solar panels, wind turbines and 

batteries. Specifically, the proposed system reaches 64 % renewable fraction with an 

initial investment of 1.808 million € in Sandviken (Sweden) and 87 % of self-

sufficiency in San Sebastian with the same initial investment. This indicates that the 

optimized design performs better in hot climates. However, an alternative for any 

installation that cannot afford this initial investment and wishes to incorporate 

renewable energies into its structure is to install photovoltaic panels. They manage to 

produce a remarkable amount of energy at a relatively low price, in this case with an 

initial investment of 691 962 € a 48 % renewable fraction is achieved. In addition, it 

is demonstrated that with some actions to reduce energy demand it is possible to 

reduce 4.3 tons of CO2 per year. 

It is indicated that the optimal storage method is achieved through the implementation 

of lithium-ion batteries. However, if the excess production of renewable energy is 

very large, hydrogen production by electrolysis is a possible option for long-term 

storage of this surplus. On the other hand, if energy storage is not contemplated, it is 

advisable to sell the electricity to the grid in order not to waste it. Particularly in the 

case of PV + SWT, 19.6 % of the energy produced is wasted if it is not fed into the 

grid. 

 

Thanks to the creation of an EMS system through a computer code in MatLab, the 

results obtained by other studies are confirmed as they seek to minimize the cost in 

the electricity bill. On the one hand, it is achieved owing to the purchase of electricity 

in off-peak hours or reduced prices and, on the other hand, it allows the contracted 

power to be reduced. 
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Finally, it is remarkable that the cost of energy is higher after the implementation of 

renewable sources in the system. However, it is a price that should be assumed to 

ensure a transition from fossil energy to clean energy. In addition, if the trend remains 

the same as hitherto, the components related to the production of renewable energies 

will suffer a considerable decrease in costs. On the other hand, it should not be ruled 

out a possible increase in the emission tax by governments to encourage the 

implementation of clean energy. This would mean an increase in the electricity bills 

of companies without renewable sources. 

5.2 Outlook 

On the one hand, this study indicates some interesting results for an energy transition 

from fossil fuels to renewable energies such as the difference in emission between 

Sweden and Spain. It has been seen that a lower consumption in Spain implies higher 

emissions due to the way of producing electricity. Consequently, some measures as a 

country should be taken in order to increase the renewable energy production. On 

the other hand, in the future it would be advisable to go deeper into this study in order 

to obtain more accurate results. The first step would be to carry out an exhaustive 

study of the demand to perform an energy audit and then model the park in software 

such as IDA ICE in order to reduce its energy consumption. Secondly, complete the 

computer code including all renewable sources and storage methods included in this 

study. Finally, it would be appropriate to accomplish an environmental study of the 

introduction of wind turbines to ensure that they meet all the requirements and, in 

addition, the search for a new location to increase the available area of the PVs. 
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5.3 Perspectives 

In recent decades, the state of the environment has changed drastically in a direction 

with no turning back. The problem today is undeniable due to the unconscious and 

disrespectful action of the human being towards the planet. Recognizing that this is a 

problem is the first step to understanding its importance and ensuring ecological 

sustainability. To mitigate the consequences of climate change, world leaders set 17 

goals, called The Global Goals For Sustainable Development (Global Goals, 2015), for a 

better world by 2030. This work contributes to meeting several of these goals, as well 

as continuing the sustainable growth philosophy of the city of Sandviken. To begin 

with, the reduction of emissions of gaseous and particulate pollutants and an 

improvement in thermal comfort increases the well-being and health of citizens. It 

also contributes to a sustainable development of cities and communities. Thanks to 

this study, it is ensured that 64 % of the energy consumed in the park comes from 

renewable sources which supports objective 7 "affordable and clean energy". This 

work also promotes the responsible use and production of energy (objective 12) 

without wasting it through EMS systems. Thanks to the introduction of renewable 

sources and storage in a science park, upgrades infrastructures and retrofit industries 

to make them sustainable which is a sub target of the 9th goal (Industry, Innovation 

and Infrastructure). For all the above, in a broader perspective it can be assured that 

this master thesis meets objective 13, which advises urgent measures to combat 

climate change and its impacts as it achieves a 64 % reduction in CO2 emissions over 

the initial case. 
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Appendix A 

 

FIGURE A  1.  ELECTRICITY CONSUMPTION IN 2018. 
 

TABLE A  1.  GENERAL DATA. 

 

 
TABLE A  2.  WEEKEDAYS ELECTRICITY DEMAND IN KWH. 

 

 

 

 

 

 

 

 

 

 

 

Jan Feb Mars Apri May Jun Jul Aug Sep Okt Nov Dec

Monthly consump. (MWh) 172 153 154 137 152 140 130 148 140 154 158 159

Min. Consump. (kWh) 63 62 57 52 56 53 48 54 53 57 60 58

Weekdays 23 20 22 21 23 21 22 23 20 23 22 21

Weekend days 8 8 9 9 8 9 9 8 10 8 8 10

Con. Weekdays (kWh) 6959 7053 6437 5985 6142 6106 5460 5962 6369 6226 6676 6883

Hour January February March April May June July August September October November December

0 79 80 73 68 70 70 62 68 73 71 76 78

1 79 80 73 68 70 70 62 68 73 71 76 78

2 79 80 73 68 70 70 62 68 73 71 76 78

3 79 80 73 68 70 70 62 68 73 71 76 78

4 79 80 73 68 70 70 62 68 73 71 76 78

5 79 80 73 68 70 70 62 68 73 71 76 78

6 79 80 73 68 70 70 62 68 73 71 76 78

7 265 269 246 228 234 233 208 227 243 238 255 263

8 591 599 546 508 521 518 463 506 541 529 567 584

9 591 599 546 508 521 518 463 506 541 529 567 584

10 591 599 546 508 521 518 463 506 541 529 567 584

11 591 599 546 508 521 518 463 506 541 529 567 584

12 591 599 546 508 521 518 463 506 541 529 567 584

13 591 599 546 508 521 518 463 506 541 529 567 584

14 591 599 546 508 521 518 463 506 541 529 567 584

15 591 599 546 508 521 518 463 506 541 529 567 584

16 591 599 546 508 521 518 463 506 541 529 567 584

17 345 350 319 297 305 303 271 296 316 309 331 341

18 79 80 73 68 70 70 62 68 73 71 76 78

19 79 80 73 68 70 70 62 68 73 71 76 78

20 79 80 73 68 70 70 62 68 73 71 76 78

21 79 80 73 68 70 70 62 68 73 71 76 78

22 79 80 73 68 70 70 62 68 73 71 76 78

23 79 80 73 68 70 70 62 68 73 71 76 78

Total day 6959 7053 6437 5985 6142 6106 5460 5962 6369 6226 6676 6883
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TABLE A  3.  WEEKENDS ELECTRICITY DEMAND IN KWH  

 

 

 

 

 

 

 

 

 

 

 

 

Hour January February March April May June July August September October November December

0 63 62 57 52 56 53 48 54 53 57 60 58

1 63 62 57 52 56 53 48 54 53 57 60 58

2 63 62 57 52 56 53 48 54 53 57 60 58

3 63 62 57 52 56 53 48 54 53 57 60 58

4 63 62 57 52 56 53 48 54 53 57 60 58

5 63 62 57 52 56 53 48 54 53 57 60 58

6 63 62 57 52 56 53 48 54 53 57 60 58

7 63 62 57 52 56 53 48 54 53 57 60 58

8 63 62 57 52 56 53 48 54 53 57 60 58

9 63 62 57 52 56 53 48 54 53 57 60 58

10 63 62 57 52 56 53 48 54 53 57 60 58

11 63 62 57 52 56 53 48 54 53 57 60 58

12 63 62 57 52 56 53 48 54 53 57 60 58

13 63 62 57 52 56 53 48 54 53 57 60 58

14 63 62 57 52 56 53 48 54 53 57 60 58

15 63 62 57 52 56 53 48 54 53 57 60 58

16 63 62 57 52 56 53 48 54 53 57 60 58

17 63 62 57 52 56 53 48 54 53 57 60 58

18 63 62 57 52 56 53 48 54 53 57 60 58

19 63 62 57 52 56 53 48 54 53 57 60 58

20 63 62 57 52 56 53 48 54 53 57 60 58

21 63 62 57 52 56 53 48 54 53 57 60 58

22 63 62 57 52 56 53 48 54 53 57 60 58

23 63 62 57 52 56 53 48 54 53 57 60 58

Total day 1520 1495 1358 1249 1342 1274 1152 1302 1278 1360 1445 1399
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Appendix B 

 

FIGURE B 1.  DAILY RADIATION IN SANDVIKEN. 

 

 

FIGURE B 2.  DAILY TEMPERATURE IN SANDVIKEN  

 

 

FIGURE B 3.  AVERAGE WIND SPEED IN SANDVIKEN. 

 

 

FIGURE B 4.  DAILY RADIATION IN SAN SEBASTIAN. 
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FIGURE B 5.  AVERAGE WIND SPEED IN SAN SEBASTIAN. 

 

 

FIGURE B 6.  DAILY TEMPERATURE IN SAN SEBASTIAN. 
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Appendix C 

 

FIGURE C 1.  RS +  PV  ANNUALIZED COMPONENTS 'COST.  

 

 

FIGURE C 2.  RS +  PV  +  BAT ANNUALIZED COMPONENTS 'COST. 
 

 

FIGURE C 3.  RS +  SWT ANNUALIZED COMPONENTS 'COST. 
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FIGURE C 4.  RS +  PV  +  SWT ANNULAIZED COMPONENTS 'COST. 

 

 

FIGURE C 5.  RS +  PV  +  SWT +  BAT ANNUALIZED COMPONETS '  COST. 

 

 

FIGURE C 6.  RS +  PV  +  SWT +  FC ANNUALIZED COMPONETS '  COST. 

 



 

C3 

 
 

 

FIGURE C 7.  RS +  PV  +  SWT +  FC ELECTROLYZER IMPUT POWER 

 

 

FIGURE C 8.  RS +  PV  +  SWT +  FC FUEL CELL POWER OUTPUT. 

 

 

FIGURE C 9.  RS +  PV  +  SWT +  FC ELECTROLYZER DAILY POWER AVERAGE. 
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FIGURE C 10.  RS +  PV  +  SWT  +  BAT +  FC ANNUALIZED COMPONENTS'  COST. 

 

 

FIGURE C 11.  RS +  PV  +  SWT  +  BAT +  FC ELECTROLIZER IMPUT POWER. 

 

 

FIGURE C  12.  RS +  PV+  SWT  +  BAT +FC  FUEL CELL POWER OUTPUT. 
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FIGURE C 13.  RS +  PV  +  SWT  +  BAT +  FC ELECTROLYSER POWER OUTPUT. 

 

 

FIGURE C 14.  RS +  PV  +  SWT  +  BAT ANNUALIZED COMPONENTS '  COST IN SAN SEBASTIAN. 

 

 

FIGURE C 15.  RS  +  PV  +  SWT  +  BAT ELECTROLIZER IMPUT POWER IN SAN SEBASTIAN. 
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FIGURE C 16.  RS  +  PV  +  SWT  +  BAT FUEL CELL  POWER OUTPUT IN SAN SEBASTIAN. 
 

 

 

FIGURE C 17.  RS +  PV  +  SWT  +  BAT +  FC ELECTROLIZER POWER OUTPUT IN SAN SEBASTIAN. 

 

 

 

FIGURE C 18.   RS +  PV  +  SWT +  BAT ANNUALIZED COMPONENTS '  COST  IN LOWER DEMAND SCENARIO. 
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Appendix D 

clear all 
close all 
clc 

  
addpath ('C:\Program 

Files\IBM\ILOG\CPLEX_Studio129\cplex\matlab\x64_win64') 

  
%Datos 
Precios_Compra = xlsread ('Precios 30_03_2017.xlsx'); 
Precios_Venta = Precios_Compra *0.5; 
Consumo_Hogar = xlsread ('Consumo oficina.xlsx'); 
Solarm2 = xlsread ('Generacion m2.xlsx'); n=3923; eff=0.171; Solar 

= eff*n*Solarm2; 
BatEntrh = 1056; 
BatSalh = 900; 
BatMax = 4216; 
BatIni = 0*BatMax; 
PotenciaContratadaC = 400; %W Compra 
PotenciaContratadaV = 400; %W Venta 

  

  
sense = 'minimize'; 

  
necs = 7; nvar=length(Precios_Compra); nfil=necs*nvar; 

ncol=(necs+1)*nvar; 

  
%Ub - Lb 
xi = 1:necs*nvar; 
bi = xi(end)+1:xi(end) + nvar; 
lb(xi,1) = 0; lb(bi,1) = 5; 
ub(xi,1) = inf; ub(bi,1) = BatMax; lb(end)=BatIni; 
x1=1:nvar; x2=nvar+1:2*nvar; x3=2*nvar+1:3*nvar; 

x4=3*nvar+1:4*nvar; x5=4*nvar+1:5*nvar; x6=5*nvar+1:6*nvar; 

x7=6*nvar+1:7*nvar; 
C=zeros(ncol,1); 
C(x1,1)=Precios_Compra; C(x3,1)=Precios_Compra;  
C(x2,1)=-Precios_Venta; C(x5,1)=-Precios_Venta; 
%Matriz A 
A = zeros (nfil,ncol); 
%BATERÍA 
%Capacidad entrante por hora 
A(1:nvar, 1:nvar)=eye(nvar);  
A(1:nvar, 3*nvar+1:4*nvar)=eye(nvar); 
%Capacidad saliente por hora 
A(nvar+1:2*nvar, nvar+1:2*nvar)=eye(nvar); 
A(nvar+1:2*nvar, 6*nvar+1:7*nvar)=eye(nvar); 

  
% %Estado batería 
 A(2*nvar+1,1) = -1; A(2*nvar+1,3*nvar+1) = -1;  
 A(2*nvar+1,nvar+1) = 1; A(2*nvar+1,6*nvar+1) = 1; 

%A(2*nvar+1,7*nvar+1)=1; 
 fil=2*nvar+2; 
 A(2*nvar+2:3*nvar, 2:nvar)=-eye(nvar-1); A(2*nvar+2:3*nvar, 

3*nvar+2:4*nvar)=-eye(nvar-1); 
 A(2*nvar+2:3*nvar, nvar+2:2*nvar)=eye(nvar-1); A(2*nvar+2:3*nvar, 

6*nvar+2:7*nvar)=eye(nvar-1); 
temp=eye(nvar); cont=0; 
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 for i=2:nvar 
     j=i-1; 
   temp(i,j)=-1; 
   cont=cont+1; 
 end 
A(2*nvar+1:3*nvar, 7*nvar+1:8*nvar)=temp; 

  
%PARK 
A(3*nvar+1:4*nvar, 2*nvar+1:3*nvar)=eye(nvar); A(3*nvar+1:4*nvar, 

5*nvar+1:6*nvar)=eye(nvar); A(3*nvar+1:4*nvar, 

6*nvar+1:7*nvar)=0.95*eye(nvar); 
col=49; 

  
%SOLAR 
A(4*nvar+1:5*nvar, 3*nvar+1:4*nvar)=eye(nvar); A(4*nvar+1:5*nvar, 

4*nvar+1:5*nvar)=eye(nvar); A(4*nvar+1:5*nvar, 

5*nvar+1:6*nvar)=eye(nvar); 

  
%GRID 
A(5*nvar+1:6*nvar, 1:nvar)=eye(nvar); A(5*nvar+1:6*nvar, 

2*nvar+1:3*nvar)=eye(nvar); 
A(6*nvar+1:7*nvar, nvar+1:2*nvar)=0.95*eye(nvar); 

A(6*nvar+1:7*nvar, 4*nvar+1:5*nvar)=eye(nvar); 

  
%rhs - lhs 
lhs(x1,1)=0; lhs(x2,1)=0; lhs(x3,1)= 0; lhs(2*nvar+1,1)=BatIni; 

lhs(x4,1)=Consumo_Hogar; lhs(x5,1)=0; lhs(x6,1)=0; lhs(x7,1)=0; 
rhs(x1,1)=BatEntrh; rhs(x2,1)=BatSalh; rhs(x3,1)=0; 

rhs(2*nvar+1,1)=BatIni; rhs(x4,1)=Consumo_Hogar; rhs(x5,1)=Solar; 

rhs(x6,1)=PotenciaContratadaC; rhs(x7,1)=PotenciaContratadaV;  

  

  

  
 ctype(1:nvar*8)='C'; 

  

%SOLVE CPLEX 
cplex = Cplex ('Modelo Hogar'); 
cplex.Model.sense = sense; 
cplex.Model.A = A; 
cplex.Model.lhs = lhs; 
cplex.Model.rhs = rhs; 
cplex.Model.obj = C; 
cplex.Model.lb = lb; 
cplex.Model.ub = ub; 
cplex.Model.ctype = ctype; 

  
cplex.solve() 

  
%Ordenar datos 
X1=zeros(1,nvar); X2=X1; X3=X1; X4=X1; X5=X1; X6=X1; X7=X1; b=X1; 
X1=cplex.Solution.x(1:nvar); X2=cplex.Solution.x(nvar+1:2*nvar); 

X3=cplex.Solution.x(2*nvar+1:3*nvar); 
X4=cplex.Solution.x(3*nvar+1:4*nvar); 

X5=cplex.Solution.x(4*nvar+1:5*nvar); 

X6=cplex.Solution.x(5*nvar+1:6*nvar); 
X7=cplex.Solution.x(6*nvar+1:7*nvar); 

b=cplex.Solution.x(7*nvar+1:8*nvar); 

  
plot(b,'g'); legend('Estado batería'); 
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figure; 
plot(Precios_Compra); 
xlswrite('Solución.xlsx', [X1 X2 X3 X4 X5 X6 X7 b]); 

 

 


