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RESUMEN DEL PROYECTO

La energia solar se esta convirtiendo en una fuente de energia cada vez mas importante,
empezando a sustituir a otras formas mas convencionales de produccion de energia. A través
de simulaciones, en este proyecto vamos a establecer una planta fotovoltaica dptima y
rentable para cualquier escenario, de manera que cualquiera pueda tener acceso a estas
tecnologias y beneficiarse de ellas. El andlisis se centrard en dos escenarios diferentes, una
oficina y un hogar. Los resultados mostraron una clara diferencia entre ellos, ya que el hogar
requeria sistemas de almacenamiento mas grandes, pero, por otro lado, una instalacién
fotovoltaica mas pequefia. Pero, en general, se descubri6 que las tecnologias fotovoltaicas
se han vuelto rentables.

Palabras clave: Sistema de almacenamiento de energia, energia fotovoltaica, energias
renovables, irradiacion solar.

1. Introduccion

La energia fotovoltaica es una fuente de energia de cero emisiones que ofrece importantes
beneficios para la sociedad, por lo que se considera una fuente de energia renovable que, al
ser inagotable y doméstica, ofrece mucha mas seguridad que una fuente de energia
importada. Hasta la ultima década, la energia fotovoltaica se utilizaba en aplicaciones
especializadas de bajo consumo, debido a sus elevados precios. Las primeras células
fotovoltaicas se produjeron en los anos 50 y se utilizaron principalmente en satélites en
orbita. En los afios 70 se introdujeron grandes mejoras que abrieron una serie de
oportunidades para las aplicaciones terrestres, y las células fotovoltaicas se convirtieron en
una fuente de energia popular para pequefios electrénicos de consumo, al tiempo que se

iniciaba el desarrollo para usos residenciales y comerciales.

A medida que las tecnologias avanzaban, también se hacian mas asequibles, lo que implica
que cada vez mds gente esta interesada en alimentar sus casas con ellas. Pero debido a su
coste y a la complejidad de las plantas fotovoltaicas, no tenemos los conocimientos
suficientes para saber si va a merecer la pena para alimentar nuestro hogar y nuestras

oficinas.



Poder determinar el tamafo 6ptimo de una planta fotovoltaica ha sido un gran reto durante
muchos afios para los investigadores en el campo de las energias renovables. Como la
demanda de energia s6lo puede estimarse, nunca podemos estar seguros de las dimensiones
perfectas de una carga determinada, pero podemos hacer frente a estas incertidumbres con
medidas de seguridad como bancos de baterias para el almacenamiento de energia o
sobredimensionando la planta. Poder determinar qué camino tomar sigue siendo un
problema sin resolver, por lo que para ayudar a la decision hay que tener en cuenta otros
aspectos del proyecto, como los impactos econdémicos y medioambientales. Ser capaces de
encontrar el equilibrio sera la clave no sélo para lograr nuestro objetivo, sino que ayudara a
identificar el camino que se puede tomar para ayudar al crecimiento de las energias

renovables y limpias.

Todo esto nos lleva a una fuente de energia mas desarrollada y rentable, lo que nos da la
oportunidad de seguir explorando cdmo estas tecnologias pueden ser utilizadas diariamente
por todos. En este proyecto trataremos de establecer e investigar un criterio de
dimensionamiento para una pequefa planta fotovoltaica utilizada en un entorno residencial
o comercial pequeno. Teniendo la capacidad de poder determinar, dada una instalacién

particular, qué tamano y qué componentes debe tener nuestra instalacion fotovoltaica.

2. Definicion del proyecto

Lo primero que hay que hacer es obtener informacion sobre el funcionamiento de las plantas
fotovoltaicas y buscar una forma 6ptima de establecer un criterio para centrarnos en algunos
aspectos de las demandas y producciones energéticas para posteriormente establecer como

va a ser nuestro sistema.

A continuacidn, hay que determinar nuestros escenarios de uso buscando datos utiles sobre
las demandas de carga energética de los hogares y las oficinas. Asi, se puede hacer una
conjetura sobre el tema para luego comparar con los resultados obtenidos en las simulaciones

y ver si tienen sentido.

Después de establecer nuestros escenarios, utilizando MATLAB y el Sistema de
Informacion Geografica Fotovoltaica (PVGIS) se realizan los calculos para establecer y
hacer un modelo de las plantas fotovoltaicas en funcion de las diferentes demandas de carga
obteniendo los datos suficientes para poder establecer finalmente un criterio de

dimensionamiento basado en nuestros resultados computacionales.



Una vez establecidas las plantas 6ptimas para nuestros escenarios, podemos ver los posibles
criterios de dimensionamiento y sacar conclusiones sobre los resultados obtenidos, a la vez
que hacemos una extrapolacion de los céalculos para que los criterios establecidos puedan ser

utilizados para cualquier situacion.

3. Descripcion del modelo

Para nuestro modelo, hemos optado por una arquitectura interactiva con la red porque si se
da el caso de que se necesite mas energia de la que estamos produciendo o tenemos
almacenada, no podremos alimentar nuestra carga. Y en el caso de que estemos produciendo
mas de lo que necesitamos y tengamos las baterias llenas, siempre podemos alimentar la red,
por lo que no se malgasta energia. Como existe la posibilidad de no tener suficiente energia
con una configuracion sin la red, es mas inteligente optar por un sistema hibrido. Siempre
existe la posibilidad de tener una planta mas grande con més paneles y mas baterias, pero

como es mas caro, no saldria economico.
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Figura 1. Sistema hibrido.

También optamos por utilizar sistemas de almacenamiento de energia para que, cuando la
generacion sea mayor que la produccion, podamos garantizar que la demanda esté siempre

cubierta cuando nuestra produccion sea baja.

Como hemos dicho, vamos a comparar la carga de un hogar con la de una oficina. Vamos a
analizar la curva de carga eléctrica de un hogar de Suiza [1]. Como es de esperar en un hogar,
hay una diferencia entre los dias de verano y los de invierno, y picos de consumo en lugar

de una curva de consumo maés estable, mas tipica de las oficinas.
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Figura 2. Perfiles de carga en MATLAB de nuestra carga doméstica.

Para el analisis de nuestro edificio de oficinas, hemos elegido un edificio de oficinas de
Nueva Zelanda [2], como también era de esperar, tenemos un consumo constante a lo largo

del dia y una diferencia de consumo entre el verano y el invierno.
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Figura 3. Perfiles de carga en MATLAB de nuestra carga de oficina.

Las demandas de las oficinas, como se ha mencionado anteriormente, suelen ser de mayor
tamano, por lo que tendran una planta fotovoltaica més grande que las demandas de las

oficinas.



Por ultimo, vamos a elegir dos ubicaciones diferentes para nuestro andlisis. Pensamos que,
como el sol irradia de forma diferente dependiendo de la latitud, esto va a tener un efecto en
la energia producida, siendo mayor cuanto mas cerca estemos del ecuador. Por lo tanto,
queremos ver realmente si este efecto es lo suficientemente grande como para marcar una

gran diferencia. Por eso nuestras dos localizaciones han sido Malaga y Santander.
4. Resultados

Lo primero que vimos fue que habia una diferencia entre las ubicaciones, que repercutia en
los tamafios de nuestras plantas fotovoltaicas para la misma carga en diferentes lugares.

Confirmando que cuanto mas cerca del ecuador, mas produccion se tiene.

En segundo lugar, determinamos que, a pesar de la diferencia de tamafio en nuestros dos
tipos de carga diferentes, ambos necesitan el mismo tamafio de bateria. Esto se debe a dos
razones, no tenemos una bateria lo suficientemente pequefia como para ser Optima para
nuestra carga doméstica, y como nuestra carga de oficina tiene una curva de consumo similar
a la de produccion, necesitamos menos almacenamiento, y por lo tanto nuestra bateria mas

pequenia es suficiente para ambos lugares.
Analisis de costes

También hemos descubierto que, en teoria, una planta mas pequefia deberia darnos el
resultado mas rentable para nuestros escenarios. Por eso vamos a analizar el coste total para

ver si es cierto. Con el escenario de la Oficina de Santander se analizaran los costes.
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Figura 4. Carga de la oficina de Santander en verano y una planta fotovoltaica de 14kWp
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Figura 5. Carga de la oficina de Santander en invierno y planta fotovoltaica de 14kWp

Nuestra planta fotovoltaica elegida tiene una instalacion de 14kWp con un coste de 8400€ y
una bateria LG CHEM de 3,3kWh con un coste de unos 2400€. Ahora debemos tener en
cuenta que como nuestra planta es pequeia durante mas o menos la mitad del afio, vamos a
necesitar comprar electricidad para la red. Con una estimacion de un precio medio de la
electricidad en Espafia este 2021 de 0,20€/kWh estimamos dado nuestros datos obtenidos,
que, si necesitamos 29,016kWh cada 24h durante la mitad del afio (182,5 dias) obtenemos

un coste anual de energia de: 1095€ al afo.

Sin planta fotovoltaica, en nuestro edificio de oficinas, tuvimos un consumo diario de

56,01kWh en verano y 65,78kWh en invierno esto nos dara un coste anual de: 14667€.

Por lo tanto, nuestra instalacion fotovoltaica en total costara alrededor de 10800€ mas 1095€
al afo de energia, ya estamos ahorrando dinero en nuestro primer afio, porque estos costos

son mas bajos que nuestro escenario anual sin planta fotovoltaica.

5. Conclusiones
1. Aunque no se ha podido establecer un criterio de dimensionamiento, hemos
determinado ciertos parametros y directrices sobre cdémo enfocar una carga
determinada para que sea mas fécil establecer una planta fotovoltaica rentable para
cualquier carga.
2. Hemos aprendido que ahora mismo es rentable establecer una planta fotovoltaica, y

que es posible ahorrar dinero a corto plazo con ella. Todas las especulaciones acerca



de que no es un sistema energético costoso se han demostrado erréneas, ya que

podemos ver que podemos recuperar facilmente nuestra inversion.

. El sistema de almacenamiento de energia estd demostrando ser también rentable,

aunque sigue siendo caro y con la posibilidad de tener que cambiarlo cada pocos afios
debido a su envejecimiento, hemos visto que estan empezando a ser dptimos en un

escenario a pequena escala.
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ABSTRACT

Solar energy is becoming a more important energy source, starting to replace other more
conventional forms of energy production. Through simulations, in this project we are going
to stablish an optimal and a cost-effective photovoltaic plant for any given scenario, so that
anyone can have access to this technologies and benefit form them. The analysis focused on
two different scenarios, an office and a household. Results showed a clear difference
between them, with the household requiring bigger storage systems but, on the other hand,
a smaller photovoltaic installation. But, all in all, it was discovered that PV technologies
have become cost-effective.

Keywords: Energy storage system, photovoltaic energy, renewables, solar irradiation.

1. Introduction

Photovoltaic (PV) energy is a zero-emission energy source that offers substantial benefits
for society, it is therefore considered a renewable energy source that, as it is inexhaustible
and domestic, offers much more security than an imported energy source. Until the last
decade, PVs were used in specialised low energy applications, due to its high prices. The
first PV cells were produced in the 1950s and where primarily implemented in orbiting
satellites. In the 70s huge improvements were made that opened a number of opportunities
for terrestrial applications, PVs became a popular power source for small consumer

electronics as the development for residential and commercials uses began.

As technologies advanced, they are also getting more affordable, all of this implies that more
people are interested in powering their houses with them. If we take a closer look to
photovoltaic (PV) technologies, we can see this advancements and also great projection of
people wanting to use them. But due to its cost and complexity of PV plants we do not have

enough knowledge to know if it’s going to be worth it to power our home and offices.

Being able to determine the optimal size of a PV has been a major challenge for many years
for researches in the field of renewable energies. As energy demand can only be estimated
we can never be sure on the perfect dimensions of a given load, but we can cope with these

uncertainties with security measures such a battery banks for energy storage or by oversizing



the plant. Being able to determine which way to go remains an unresolved problem, so in
order to help with the decision other aspects of the project must be taken into account, such
as economic and environmental impacts. Being able to find the balance will be the key to
not only achieving our goal but will help identify a path which can be taken to help with the

growth of renewable and clean energies.

All of this is leading us to a more developed and cost-efficient energy source, which gives
us the opportunity to keep exploring how these technologies can be used daily by everyone.
In this project we will try to establish and investigate a sizing criterion for a small PV plant
used in a residential or small commercial environment. Having the capacity to be able to
determine, given a particular installation, how big and which components our PV installation

should have.

2. Project definition

The first thing to do is obtain information on how PV plants work and search for an optimal
way of establishing a criterion in order to focus on a few aspects of energy demands and

productions to later on stablish how our system is going to be.

Then our use case scenarios must be determined by searching for useful data regarding home
and office energy load demands. So, an educated guess can be made on the subject to later

compare with the results obtained in the simulations and see if they make sense.

After stablishing our scenarios, using MATLAB and Photovoltaic Geographical Information
System (PVGIS) calculations are made in order to stablish and make a model of the PV
plants depending on the different load demands obtaining enough data to be able to finally

stablish a sizing criterion based on our computational results.

After stablishing the optimal plants for our given scenarios, we can take a look at the possible
sizing criteria and make conclusions regarding the obtained results whilst making an
extrapolation from the calculations so that the criteria stablished can be used for any given

situation.

3. Model description

For our model, we went with a grid interactive architecture because if there was an instance
where more energy is needed than the one we are producing or have stored, we won’t be

able to feed our load. And in the event that we are producing more than we need and we



have our batteries full we can always feed energy back into the grid, so no energy is lost. As
it is a possibility to have not enough energy with an off grid setting it is smarter to go for a
hybrid system. There is always the possibility of having a bigger off grid with more panels
and more batteries but as it is more expensive, we would not be able to economically save

money.
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We also choose to use energy storage systems so that when generation is higher than

production, we can ensure demand is always met when our production is low.

As mentioned, we are going to compare a house load to an office load. We are going to be
analysing the electricity load curve of a single household from Switzerland [1]. As expected
from a household, there is a difference between summer and winter days, and peaks in

consumption rather than a steadier consumption curve more typical of offices.
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Figure 2. Load profiles in MATLAB of our Home Load.



For our office building analysis, we have chosen an office building from New Zealand [2],
as also expected, we have a steady consumption along the day and a consumption differences
between summer and winter.
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Figure 3. Load profiles in MATLAB of our Office Load.

Office loads, as previously mentioned, are generally larger in size so will therefore have a

larger PV plant than Office loads.

Finally, we are going to be choosing two different locations for our analysis. We think, that
as the sun irradiates differently depending on the latitude, this is going to have an effect on
the energy produced, being larger the closer we get to the equator. Therefore, we want to
really see if this effect is large enough to make a big difference. That is why our two locations

have been Malaga and Santander.
4. Results

First thing we saw, was that there was a difference between locations, that impacted the sizes
of our PV plants for the same load on different places. Confirming that the closer you get to

the equator the more production you have.

Secondly, we determined that despite the difference in size in our two different load types,
they both need the same size battery. This is due to two reasons, we do not have a small

enough battery to be optimal for our home load, and as our office load has a consumption



curve similar to the production curve, we need less storage, and therefore our smallest battery

1s sufficient for both locations.
Cost analysis

We also found out, that theoretically a smaller plant should give us the most cost-effective
result for our given scenarios. That is why we are going to take a closer look at overall cost

to see if this is true. We are going to use the Santander Office scenario to analyse our costs.
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Figure 4. Santander Summer Office Load and 14kWp PV Plant
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Figure 5. Santander Winter Office Load and 14kWp PV Plant



Our chosen PV plant has a 14kWp installation with a cost of 8400€ and a LG CHEM 3,3kWh
battery with a cost of around 2400€. We now have to take into account that as our plant is
small for more or less half of the year, we are going to need to buy electricity for the grid.
With an estimation of an average price for electricity in Spain this 2021 of 0,20€/kWh we
estimate given our obtained data, that if we need 29,016kWh every 24h for half of the year
(182,5 days) we get a yearly cost of energy of: 1095€ a year.

With no PV plant, in our office building, we had a daily consumption of 56,01kWh in
summer and 65,78kWh in Winter this will give us a yearly cost of: 14667€.

Therefore, our PV installation in total will cost around 10800€ plus a 1095€ a year of energy,
we are already saving money on our first year, because these costs are lower than our annual

no PV plant scenario.
5. Conclusions

1. Although a sizing criterion has not been able to be studied, we have determined
certain parameters and guidelines on how to approach a given load so that it is easier
to stablish a cost-effective PV plant for any given load.

2. We have learned that as of right now it is cost effective to stablish a PV plant, and
that it is possible to save money in the short run with it. All speculations about not
being a costly energy system have been proven wrong as we can see that we can
easily gain back our investment.

3. Energy storage system are proving to also be cost effective, although still expensive
and having the possibility of having to change them out every few years due to aging,

we have seen that are starting to be optimal in a small-scale scenario.
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CHAPTER 1. INTRODUCTION

Photovoltaic (PV) energy is a zero-emission energy source that offers substantial benefits
for society, it is therefore considered a renewable energy source that, as it is inexhaustible
and domestic, offers much more security than an imported energy source. Until the last
decade, PVs were used in specialised low energy applications, due to its high prices. The
first PV cells were produced in the 1950s and where primarily implemented in orbiting
satellites. In the 70s huge improvements were made that opened a number of opportunities
for terrestrial applications, PVs became a popular power source for small consumer

electronics as the development for residential and commercials uses began.

Now, after many installations and some decades of improvements later, PV performances
have risen considerably, allowing also for a cost reduction. This led to a flourishing off grid
market for commercial and residential uses and nearly economical on-grid market, which is

going to be the focus of this work.

All of this is leading us to a more developed and cost-efficient energy source, which gives
us the opportunity to keep exploring how these technologies can be used daily by everyone.
As mentioned above, a nearly economical on-grid market, opens the opportunity for people
to have their own installation. This is why we want to explore the possibility of making these
technologies more comprehensive and understandable for everyone so we can reduce the use

of harmful energy sources and start using more renewable energies.

When developing and deciding to use renewable energy sources, there is a temptation to
compare solar and wind energy since their development follows more or less the same curve.
While in theory this is true, wind energy is mainly used in larger installations, large wind
farms are more common than local installations. PV plants are more compatible with urban
environments because they are more easily integrated in buildings and residential designs.

This is why we will focus on solar technologies.
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1.1 MOTIVATIONS

In this project we will try to establish and investigate a sizing criterion for a small PV plant
used in a residential or small office environment. Having the capacity to be able to determine,
given a particular installation, how big and which components our PV installation should

have.

Being able to identify the context where PV can provide the best savings and make PV
energy more accessible to people are our main motivations, to be able to better understand
how PV plants work and how they can be used to run our households and offices in a daily
basis. This would help us not only to gain quality of life but also be more environmentally
friendly, which is another of our motivations. Being able to help the planet whilst saving

money is a great accomplishment which we hope can be achieved in the near future.
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CHAPTER 2. STATE OF PLAY

The first aspect we take into consideration when talking about implementing PV plants into
daily consumption use is the strategic way to tackle how big a plant has to be for a given

load, taking into account that each situation is slightly different to the rest.

In this respect, there are numerous publications that help us understand how the system
works and how we can later analyse it. In 2019, S. Yilmaz, J. Chambers and M.K. Patel
published a paper where they performed a rigorous assessment on household electricity
demand profiles that concluded that separately each household has a very different profile
but overall, they balance one another. Also, in 2017, Nuria Martin-Chivelet and David
Montero-Gomez, wrote a paper on self-consumption in office buildings that helped stablish
load management and storage. This paper helped understand the problem at hand and gave
us some possible guidelines on how to approach our main problem. This led to another
important aspect of these technologies, energy storage systems. Some publications (Sylvain
Quoilin, Konstantinos Kavvadias, Arnaud Mercier, Irene Pappone and Andreas Zucker,
2016), state that being able to obtain 100% self-consumption it is not at the moment realistic,
and although we are able to reduce cost, Lithium-ion storage systems in particular, are far
from ready for a large scale market. Others (T. Beck , H. Kondziella, G. Huard and T.
Bruckner, 2015), regarding the same findings, have come to the conclusion that battery
storage systems can temporarily yield good results, and therefore optimizing PV plants for

a given load profile is possible.

It is possible to stablish a PV system with batteries that could effectively support a given
load. To make it even more effective we can have a grid connected system to help with the
energy demand and possible altercations. In 2016, Kanzumba Kusakana published a paper
talking about a developed model for a hybrid grid-connected and battery PV system, were

an optimal scheduler for the power flow in order to be as economical as possible.
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At this point, it also became important to not only have a cost-effective installation but if
possible, to be able to save energy. Household electricity consumption was studied in 2010
by Anibal de Almeidaa, Paula Fonseca, Barbara Schlomannc and Nicolai Feilberg. Their
publications focused on research about reducing wasteful consumption and responsible ways
to consume, through which they obtained key contributors to power demand, information
that can be used to create a more precise model and sizing criteria. Others (Yann
Riffonneau; Seddik Bacha; Franck Barruel; Stephane Ploix, 2011), used dynamic

programming to optimise performance and PV plants in order to reduce costs.

Finally, we take a look at the reduction of fossil fuels, which is a very important factor
regarding energy consumption, as we have mentioned. It is very important to reduce, for
example, CO2 emissions, this is why some publications tackle the increasing demand of
renewable energies (X. Vallve, A. Graillot, S. Gual and H. Colin, 2007), PV in particular,
studying the market potential for small scale applications and analysing typical load profiles,
to be able to make these technologies more available, so thanks to all of this input we are
able to better understand what we want to achieve, and be able to further develop

optimization methods to make it a more used energy source.
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Solar energy can be harnessed in two ways. It can be used either directly to heat water to
warm up buildings or for domestic use, or through photovoltaics (PVs), solar panels. These
PV systems are formed up by PV cells that are interconnected to make modules. PV cells
are made of light-sensitive semiconductors which can transform sunlight into an electric

current. There are a some different types of solar panels:

+
+
+
+
+
+
+
+

Mono-crystalline Poly-crystalline Flexible amorphous CIGS thin film
silicon silicon thin film

Figure 1. Different types of PV technologies. [1]

The most commonly used are crystalline silicon panels. This is due to the fact that they are
more developed and are more efficient, since depending on which type of technology is used,

there is a different conversion efficiency from solar light to electricity:

10
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Technology Module Efficiency

Mono-crystalline Silicon 12.5-15%
Poly-crystalline Silicon 11-14%
Copper Indium Gallium Selenide (CIGS) 10-13%
Cadmium Telluride (CdTe) 9-12%
Amorphous Silicon (a-Si) 5-7%

Figure 2. Table of modular efficiencies for the different types of PV technologies. [1]

As we can see in Figure 2, for example, Amorphous silicon technology will need twice the
space as crystalline silicon to produce the same amount of energy, because the module
efficiency is halved for the same capacity. Crystalline silicon is not only, the most efficient
of solar technologies, but also, the most developed and most used one, so it will be the
technology taken into consideration for the development of our model, without having to
differentiate between mono-crystalline and poly crystalline as their difference in module

efficiency can be overlooked.

Another important aspect regarding PV performance is the effects of temperature. We have
to take into considerations that PV cell performance declines as the temperature of the

modules rise. [1]

11
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75%
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65% :
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module output relative to STC

Figure 3. Effects of temperatures on the different types of PV modules. [1]

With these panels, a PV plant can be created, and electricity can be used, stored or fed into

the electric grid.
PV plants have four basic components:

1. The solar panels that convert sunlight into electricity generating a direct current (DC)
An inverter that transforms direct current into alternating current.

Storage system, batteries.

Eal

Our load or the grid to which our plant is connected, or to both.[2]

Usually, energy storage systems for small scale loads, such as the ones we are going to study,
are not used due to the inefficiency they are characterised by. But, interest in grid-scale
energy storage technology has progressively increased over the last few years, and for
obvious reasons. Consumer demand for improved portable electronics and electric vehicles
is propelling technology forward at an unthinkable rate 20 years ago. And as Energy Storage

Systems could play a bigger role in the future, we are going to implement it into our model.

[3]

12
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Energy can be stored in a variety of ways:

Chemically and electrochemically (ie. batteries, hydrogen, fossil fuels, and biofuels).
Electrically (ie. capacitors, superconducting magnetic energy storage).

Mechanically (ie. compressed air, hydro energy storage, and flywheels).

Wb o=

Thermally (ie. hot water/vapor, latent heat).

For our application, battery technologies make the most sense. There are a variety of them
available: Lead-acid (Pb-Ac), nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH),
sodium-sulfur (Na-S), and lithium-ion batteries. Lithium-ion type batteries have emerged as
the technology of choice for electric vehicles and, to a lesser extent, as they are starting to
be used, stationary battery energy storage systems. This is why we will focus on this type of
batteries. The electro-chemical fundamentals of battery functioning are not of main concern

in this work. [4]

13
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4.1 JUSTIFICATION

Over the last years, renewable energies have become more and more popular. As
technologies advance, they are also becoming more affordable, all of this implies that more
people are interested in powering their houses with them. If we take a closer look at PV
technologies, we can see this advancements and also great number of people wanting to use
them. But due to the cost and complexity of PV plants we cannot tell whether it is going to

be worth it to power our homes and offices.

This is precisely this what we are trying to achieve with this work. We want to be able to
establish a sizing criterion for both home and office loads, in order to maximize self-
consumption of the produced energy, so that we do not oversize our plants making them
more expensive and therefore not optimal, or undersize them in a way that the plants are not
able to cope with the energy demand of our system. By establishing a sizing criterion, we

will be able to make PV technologies more affordable for everyone.

Being able to determine the optimal size of a PV has been a major challenge for many years
for researches in the field of renewable energies. As energy demand can only be estimated
we can never be sure 100% on the perfect dimensions of a given load, but we can cope with
these uncertainties with security measures such a battery banks for energy storage or by
oversizing the plant. Being able to determine which way to go remains an unresolved
problem. So, in order to help with the decision other aspects of the project must be taken
into account, such as economic and environmental impacts. Being able to find the balance
will be the key to not only achieving our goal but will help identify a path which can be

taken to help with the growth of renewable and clean energies.

14
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4.2 OBJECTIVES

Main objective:

I.  Stablish a sizing criterion for PV plants in a small to medium scale for office
buildings and households. So, we are be able to spread the use of renewable energies

and more precisely PV energy.

Secondary objectives:

II.  Better understand the world of renewable energies to be able to help in its
development so that we can work towards a world without fossil fuels. Acquiring
knowledge of how PV plants work and how we use them will help us develop critical
thinking on order to decide which data is going to be useful for making precise
calculations on the problem at hand.

III.  Familiarise myself with the Photovoltaic Geographical Information System (PVGIS)
which we are going to use for our calculations. Learn how to use the different tools
it offers in order to make better models for the problems we face so that we can obtain

more precise results.

4.3 ALIGNMENT WITH THE SUSTAINABLE DEVELOPMENT GOALS

When speaking of the United Nations sustainable development goals, this project lines up

perfectly with 5 of them:

e Number 7; Affordable and clean energy: helping develop a criterion to be able to
install PV plants will allow more and more people to have access and use cleaner
forms of energy and be able to optimise their investments.

e Number 9; Industry, innovation and infrastructure: Helping the advancement of PV
energy will help us guide the world towards innovation in renewable energies and

develop an industry which does not run on fossil fuels.
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e Number 11; Sustainable cities and communities: Once people start using renewable
energies in their homes and offices the world will be making its way to a more
sustainable and environmentally friendly place.

e Number 12; Responsible consumption and production: On a daily basis we consume
a great deal of resources, including energy. By analysing how much we produce and
consume we can make ourselves more self-conscious on how we waste our resources
being able to focus and make more responsible decisions.

e Number 13; Climate action: Clean energy means less pollution. By tackling one of
the major problems regarding this problem we make a stand against harmful energies
towards the environment and help promote the use of cleaner energy which will help

us have a better world.

4.4 WORK METHODOLOGY

The first thing to do is obtain information on how PV plants work and search for an optimal
way of establishing a criterion in order to focus on a few aspects of energy demands and

productions to later on stablish how our system is going to be.

Then our use case scenarios must be determined by searching for useful data regarding home
and office energy load demands. So, an educated guess can be made on the subject to later

compare with the results obtained in the simulations and see if they make sense.

After stablishing our scenarios, using MATLAB and Photovoltaic Geographical Information
System (PVGIS) calculations are made in order to stablish and make a model of the PV
plants depending on the different load demands obtaining enough data to be able to finally
stablish a sizing criteria based on our computational results and the parameters we have

stablished earlier.

After stablishing our sizing criteria for our different scenarios, conclusions can be made
regarding the obtained results whilst making an extrapolation from the calculations so that

the criteria stablished cab be used for any given situation.
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It is important to mention that that data due to COVID and the pandemic was not taken into
account. As the data was taken from literature, and, for example, smart working can lead to
a substantial change in the home load distribution, it could result in a better matched load
curve with respect to production curve. However, we do not possess sufficient data to

process it in a simulation.

4.5 RESOURCES

The main resource needed for this project is the use of PVGIS which gives us access to data
of solar radiations and temperatures around the globe, PV potential for different

technologies, letting you choose different configurations to make calculations, etc.

We also need to use MATLARB for our calculations and its tool Grabit to be able to transform

graphs into data points so we can make calculations with them in MATLAB.
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CHAPTER 5. DESCRIPTION OF THE DEVELOPED

MODEL

5.1 ARCHITECTURE

As we have previously mentioned in Chapter 2, our PV plant can be connected in a few
different ways, that is why we can find three types of different architectures in which they

can be used:

1. Grid directed. When our plant is directly connected to the grid so all the energy being
produced is being consumed by someone else.

2. Grid interactive with energy storage, hybrid. The hybrid system consists on having
our plant connected to both our load and to the grid. This permits us to either consume
the electricity or to feed it into the grid. Also, if our load is demanding more than we
are producing this excess can be covered by the grid.

3. Off grid with energy storage. No grid interaction means that all the energy needed
must be produced by our plant, the excess energy can be then stored to be used in

moments of less energy production.

[5]
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We now have to choose which architecture is going to work better for us. We cannot use
grid directed, because we need to be able to feed our load, so we have to choose an
architecture that includes our load. It is smarter to go for a grid interactive architecture
because if there was an instance where more energy is needed than the one we are producing
or have stored, we won’t be able to feed our load. And in the event that we are producing
more than we need and we have our batteries full we can always feed energy back into the
grid, so no energy is lost. As it is a possibility to have not enough energy with an off grid
setting it is smarter to go for a hybrid system. There is always the possibility of having a
bigger off grid with more panels and more batteries but as it is more expensive, we would

not be able to economically save money.

We also choose to use energy storage systems so that when generation is higher than
production so we can ensure demand is always met when our production is low. It makes
the energy management more difficult and more complicated, so controllers are required so

we are able to properly regulate our system [7].

5.2 ENERGY STORAGE SYSTEM

As mentioned, an energy storage system is required, so that we are able to store energy and
discharge it in the form of electricity when needed. Storage system are formed primarily by
an array of batteries, but also an inverter, a thermal management system and an electronic
control system are required for the system to function. The control system, for instance,
manages when the batteries need to be charged and when the loads require energy from the
batteries. To coordinate the functioning, this control system also communicates with
equipment outside the energy storage system. The inverter is a device that converts the
electricity generated by the batteries from direct current (DC) to alternating current (AC)
which is the type of current needed to run households and offices. The thermal management
system regulates the entire system's temperature and prevents heat created by chemical

reactions within the batteries from posing a threat to the system's performance. [§]

20



UNIVERSIDAD PONTIFICIA COMILLAS

COMILLAS  EscueLa TECNICA SUPERIOR DE INGENIERiA (ICAT)
UNIVERSIDAD PONTIFICIA GRADO EN INGENIERIA EN TECNOLOGIAS INDUSTRIALES

ICAI ICADE CIHS

CHAPTER 5. DESCRIPTION OF THE DEVELOPED MODEL

As previously mentioned, the type of batteries we are going to focus on are lithium-ion
batteries. As we might need different types of batteries for our different PV plants and
scenarios, we are going to use the following batteries offered by Tecnospot, Italian

renewable energy company, for our scenarios:

Panoramica tecnospot
- - - - - - “gw L
sistemi di accumulo (ioni di litio) B o i S e
Accumuli
batterie agli ioni di litio
Capacita Capacita Capacita
Produttore Sistema Tensione el fipodibatteria  nominale  DOD uiizzabile Ciclicivita batteria  MSUe It "’,‘]W x Peso [kg] Marchio i Montaggio Nota
[kWh] [kWh] espandibile . Lo

NMC - Nickel 90% 576 6000  finoa 128 sutera/a
LG CHEM RESU 6.4 EX BV \caeseCopat 640 o o 0 . 406X 165 x 664 60 P21 s

NMC - Nickel finoa13,1 suterra/a disponibile da agosto /
LG CHEM RESU 3.3 WY caese copatt 330 20% 207 - S 452x120x401 31 PS5 sarote ponklle da agos

NMC - Nickel fino a 16,3 suterra/a  disponible da agosto!
LG CHEM RESU 6.5 48V e 6,50 90% 5,85 - wh 452X 120x 654 52 P55 e el

NMC - Nickel N finoa 19,6 suterra/a disponibile da agosto /
LG CHEM RESU 10 48V Manganese Cobalt 9,80 90% 8,82 - KWh 452 x 227 x 483 75 P55 parete settembre 2016

NMC - Nickel suterra/a disponibile da settembre
LG CHEM RESU 7H 400V ionganese Covatt 700 95% 66 - no 744 X 206 X 692 76 1P 55 ) pee s

NMC - Nickel suterra/a disponibile da settembre
LG CHEM RESU 10H WOV mese cobatt 980 95% 93 - no 744 x 206 X 907 97/908 P55 sarote il da sete

Figure 7. LG CHEM batteries for energy storage [9]

As we can see in Figure 7, we have different types of batteries with different nominal
capacities and different percentage of usable capacity. This is important because batteries
cannot be discharged completely, therefore part of the energy they have remains in it, making
them have an efficiency percentage (DOD in figure 7). When a battery is needed, we will

choose one of these, or a series of them, to fulfill our given requirements.

5.3 SIZING CRITERIA

Having stablished what is going to be achieved and the architecture that is going to be used,
the next step is stablishing what are going to be the parameters that are going to be studied
after the simulations so that it is possible to determine, for a given case scenario, the size of
our PV plant is going to be and how many batteries are going to be used in order for our

system to both work and be cost effective and efficient.

There are two design constraints that we are going to focus primarily. The main problem is

our peak power request, the plant needs to be able to have enough energy to maintain our
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system working all the time including when most energy is being consumed. So, one the

parameters we are going to take into account is peak power requested.

20 T T T T
>—PV generation
—&6—Load demand
151 b
=
4
10+ :
=
o
o
0.5 D
0 & = 1 1 -
5:00 10:00 15:00 20:00

Time, hours

Figure 8. Graph of an average load demand and PV generation. [10]

This Graph shows us how on an average peak in demand and the peak in generation occur
at different times of the day, so we have to be able to cope with these differences along the
day. It is also very important to take into account the different scenarios which are going to
be studied. As it will be seen in the following chapter, there is a big difference when it comes
to an office load and a house. This difference is the difference in their demand curves having
their peaks at different points in the day. A household resembles more the red graph in Figure
8, and an office load tends to have its peak more at the middle of the day, which will give it
an advantage. As the office load has its peaks similar to the production of energy a smaller
energy storage system will be needed, and household will need to store more energy to be

used later in the day, more in detail of this difference will be shown further in the work.

Secondly, being able to feed our load when we do not have any energy production is very
important. Photovoltaic panels provide only electrical power during the day and depending
on the weather we are going to be producing more or less electricity, so these changes have
to be taken into account when studying PV plants [11]. This is another reason for having

batteries in our system, so we are be able to store the energy needed for every part of the
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day. So, the plant has to be able to store the peak production during the day as well as
producing such peak. Another thing to take into account is that if it was necessary, due to
certain circumstances, power can always be taken form the grid, as we have a grid-interaction

installation.

Finally, another important aspect to take into account is the time of the year, because

depending on the season there will be a bigger or a smaller generation of energy.

Monthly energy output from fix-angle PV system

(C) PVGIS, 2021
200
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Figure 9. Graph of a monthly energy output example from a PV system. [12]

As it is shown on this graph if a PV plant is sized in order to guarantee the entire load demand
is met in winter, in summer this plant is going to be oversized due to the increase in
production. So a compromise has to be made between being able to produce all the demand
needed when production is low and having a surplus of electricity, as our system is going to
be grid-connected, the possibility of buying and selling energy is always there, so at the end

of the day, the most important thing will be finding the most cost effective solution.

In order to be able to make all of this analysis, once stablished our scenario, having chosen
location and load, we will be using the PVGIS tool to make our calculations. Thanks to
PVGIS we have access to solar radiation profiles, PV potential regarding different

technologies, etc. We are also able to choose the location in which to make our analysis
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which will give us a more accurate understanding on how to make a sizing criterion

regarding location of the plant.

5.4 USE CASE SCENARIOS

Stablishing a criteria for building PV plants for daily use is not the only objective, but also
to be able to cope with the differences between an office building and a home, a comparison
will be made in order to be able to take into account its differences which have been

previously glanced at in the introduction, and now are going to be described.

5.4.1 HOME LOAD

The first problem we encounter when trying to merge a PV plant into a home load is its
instability, because we do not have a steady consumption along the day, we encounter peaks
at certain times of the day when the inhabitants consume more. Also, as people are more
often in their households after work, we expect a larger consumption during the afternoon
which means that most of our consumption is happening when we have low or none
production, as we can see in graph 4, in the introduction, most of the production occurs
during midday. All of this implies that for a home load we will be needing a bigger energy
storage system to be able to store all the energy needed for the hours with more demand and

less production.

Now that we have described how our household scenario, we are going to study a scenario
and to be able to make an educated guess, based on our research and our data, on what our

results should be.

We are going to be analysing the electricity load curve of a single household from
Switzerland [13], we have chosen this particular data because it best represents the problems,
we have previously mentioned. We can see, both, a difference between summer and winter
days, and peaks in consumption rather than a steadier consumption curve more typical of

offices.
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Figure 10. Electricity load curve of a single household for four different days of the year and the average
curve for the year. [13]
For our calculations we have chosen to study the load profiles of the seventh of July and the
third of January, to be able to compare summer and winter profiles. Thanks to MATLAB
and its tool Grabit, we are able export this graph into MATLAB, so we are able to make

calculations such as obtaining the overall energy consumed.

Normalized Load Profile
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Figure 11. Load profiles in MATLAB of our Home Load
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Thanks to the trapezoidal integral function we are able to obtain the nominal consumed

energy for both graphs:

In January we have a normalized consumed value of 2,0523 hours. This value means that

for every day we are at peak power for 2,0523 hours. And in July we have 2,8974 hours.

Having obtained this data in a normalised daily profile, it gives us the opportunity to use
whatever size of load we deemed appropriate for the calculations that are going to take place.
The average home load in Europe has a consumption size of 4,5 to 6kW of energy. As we
want to be able to study differences between production and consumption of an average load,
we have chosen to use a SkW home load for this study. Therefore, our January and July
consumption profiles are multiplied by SkW, obtaining the load profiles that we are going to

use and daily consumed energy of 10,26kWh in January and 14,487 in July.

5.4.2 OFFICE LOAD

Having an office being run by a PV plant seems more straight forward due to the fact that
the peaks in energy production occur during the day when generation in also high, this will
enable us to design a PV system with an smaller energy storage system because less energy
will be needed in the hours of the day when production is lower. This implies that even
though our consumption will be higher than our home load, due to its larger load size, we

will be able to cut expenses by having a smaller energy storage system.

As we are going to stablish the same criteria to the office load and the house load, we have
also chosen a scenario to make our educated guess on the subject. We have chosen for our
analysis an office building from New Zealand [14], we have chosen to use this data because
it best represented what we think offices load profiles should look like, a steady consumption

along the day and a consumption differences between summer and winter.
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Figure 12. Monthly load profiles of an office building, at weekdays and at weekends (flat curves).[14]

As the table is hard to read, we have chosen for our analysis July and February, both for

being easy to differentiate from the rest and for being in the seasons we want to compare.

And thanks to MATLAB we are able to export this graph in order to make our calculations.
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Figure 13. Load profiles in MATLAB of our Olffice Load

Like we did with the Home Load we are able to obtain through integration the nominal

consumed energy for both winter and summer.
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In July therefore, we have a normalized consumption of 5,6hours. And in January we have

6,58 hour of peak power consumption.

As well as we did in the home load, we need to stablish a size of our scenario, for offices
this is trickier as there are many different possible sizes of offices raging from 9 to 21kW.

We have chosen to use for our studies a 10kW size for our office.
Obtaining a consumption for July 56,01kWh and for February 65,78kWh

5.4.3 EDUCATED GUESS

Load (Office Load 10kW,
Home Load SkW) [kWh]

Normalised Load [h]

Summer Office Load 5,601 56,01
Winter Office Load 6,578 65,78
Summer House Load 2,897 14,49
Winter House Load 2,052 10,26

Table 1. House and Office Load Summary

Having stablished a model and scenarios to work on, as we can see in Table 1, we are going

to take a look at what is expected to help guide the simulations.

Office loads, as previously mentioned, are generally larger in size so will therefore have a

larger PV plant than Office loads.

Also, in regard to energy storage, as we have seen, office loads also have a consumption
curve which resembles more the production curve than the home load. This is because office
hours occur primarily during the day whilst residential consumption hours have a less
stablished shape primarily because as working hours end, residential consumption begins.

This leads to a bigger difference between consumption and production in homes, having its
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peaks sat different times of the day, therefore a bigger energy storage system will be needed

to be able to cope with consumption peaks that occur while we have less to no production.

Finally, we are going to be choosing to different locations for our analysis. We choses to do
this to see if location really affects energy production. We think, that as the sun irradiates
differently depending on the latitude this is going to have an effect on the energy produce,
being larger the closer we get to the equator. Therefore, we want to really see if this effect is

large enough to make a big difference.
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As it has already been mentioned, PVGIS is the main tool used to extract the data that is

going to be later used in MATLAB.

Commission

PHOTOVOLTAIC GEOGRAPHICAL INFORMATION SYSTEM

European Commission > EU Science Hub > PVGIS > Interactive tools
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Figure 14. PVGIS main page.[12]

In Figure 14 we can see the main page of this tool. There are 7 functions on this platform

but for this project only two are going to be used. The first one is the Grid Connected tab. In

this tab, after stablishing a location in the map, a mounting option for our panels can be

stablished as well as a size of the plant and system losses. In this work, as average

calculations are being made without a particular type of solar panel, system loses will be left

at 14% which is a great average. Solar panels will be left in a free-standing position and, as

the tool gives at 14% which is a great average. Solar panels will be left in a free-standing

position and, as the tool gives us the possibility, the slope angle (angle in the vertical axis)

will be optimized and the azimuth angle(angle in the horizontal axis, being 0° facing south.)
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left in cero, because as the calculations were made, even with a 45 degree azimuth angle, the

effects where similar an therefore could be discarded.

Two locations where chosen to make the simulations. This where chosen in different
latitudes in order to analyse possible different results given by the location of the globe,
because due to the fact that the sun does not radiate perpendicular to the earth, having
different latitudes might give us different results. The locations chosen where Santander
(43.467 , -3.812) in the north of Spain and Malaga (36.721 , -4.424) in the south. The distance
between them should be enough to give us a good example of how different solar radiation

is depending on the latitude.

6.1 PART ONE: MONTHLY ENERGY OUTPUT OF OUR PV PLANTS

The main comparison for our given scenarios and our given locations is going to be the
difference between summer and winter, so we can later compare them and decide the final
size of our PV plant for our scenarios. In order to do this, we can obtain, thanks to PVGIS,
the monthly energy output given by a PV plant as it has been mentioned can be located
wherever suits us and have the size we need. With this monthly data, an average daily
summer and winter output will be obtained to compare with the consumed power of our
loads in these seasons. The average daily summer output will be obtained using the months
of May, June, July and August, taking into account that they each have a different number
of days in them. For winter the daily average output of a given PV plant will be obtained

using November, December, January and February.

6.1.1 EXAMPLE AND FIRST SIMULATION IN SANTANDER

A 1kWp (kilowatt peak) of installed power gives us the following output:
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T Monthly energy output from fix-angle PV system
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Figure 15. Monthly energy output of a 1kWp plant of installed power in Santander.[12]

With the chosen months we obtain:

e Daily Average Summer: 3,97 kWh
e Daily Average Winter: 2,16 kWh

As the size consumption of an Office and Home load have already been calculated in chapter
4.3, we know that this plant is too small for either of them. So more installed power is going

to be needed.

6.1.2 SANTANDER SUMMER HOME L0OAD

Our average summer home load has a daily average consumption of 14,49kWh. Therefore,

to obtain this a 3,7kWp plant is needed:
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Summary
Monthly energy output from fix-angle PV system

(C) PVGIS, 2021

|I¢-

Provided inputs:

Location [Lat/Lon]: 43.467, -3.812 500 463.96
. 7" 453.54
Horizon: Calculated 446.52 442.28 426.09
Database used: PVGIS-SARAH bl :
PV technology: Crystalline silicon 400 38553 259.26
PV installed [kWp]: 3.7 g .
System loss [%): 14 <3
S 300
5 5 S 261.04

Slope angle [°]: 36 (opt) = 216.94
Azimuth angle [°): 0o g 200
Yearly PV energy production [kWh]: 4352.75 §
Yearly in-plane irradiation [kWh/m?]: 1487.95 a
Year-to-year variability [kWh]: 200.84 100
Changes in output due to:

Angle of incidence [%): -2.81

Spectral effects [%]: 1.34 0

Temperature and low irradiance [%]: 6.66 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Total loss [%]: 2094 Month

Figure 16. Monthly energy output of a 3,7kWp plant of installed power in Santander.[12]
We obtain a Daily Average Summer of 14,69kWh.

6.1.3 SANTANDER WINTER HOME LOAD

Our average winter home load has a daily average consumption of 10,26kWh. Therefore, to

obtain this a SkWp plant is needed:

Summary .
3 Monthly energy output from fix-angle PV system
ane
Location [Lat/Lon]: 43.467, -3.812 800
Horizon: Calculated
Database used: PVGIS-SARAH

626.97 g45 59

z It:cs:\av::do:i/wp] Crystalline smcors\ e s 603.41 597,68 .
520.99

System loss [%]: 14 485.48
Slope angle [ 36 (opY) . 321.61 322.88
Azimuth angle [*]: 0 293.16
Yearly PV energy production [kWh]: 5882.1
Yearly in-plane irradiation [KWh/m?]: 1487.95 200
Year-to-year variability [kWh]: 271.41
Changes in output due to:

Angle of incidence [%)]: -2.81

Spectral effects [%)]: 1.34 0

Jan Feb Mar Apr M Sep Oct Nov Dec

Temperature and low irradiance [%]: -6.66 ay  Jun Jul Aug
Total loss [%]: 20,94 Month

PV energy output [kWh]

Figure 17. Monthly energy output of a 5kWp plant of installed power in Santander.[12]
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We obtain a Daily Average Winter of 10,8 kWh.

6.1.4 SANTANDER SUMMER OFFICE L0oAD

Our average summer office load has a daily average consumption of 56,01 kWh. Therefore,

to obtain this a 14,3kWp plant is needed:

Summary
X Monthly energy output from fix-angle PV system
(©)Puais, 2021
Location [Lat/Lon]: 43.467, -3.812 2000
Horizon: Calculated 1,793.14
Database used: PVGIS-SARAH 1,625, 831’725.74 1,646.79
PV technology: Crystalline silicon 1,490.02
PV installed [KWp): 143 ¢ 1500 1,388.47
System loss [%]: 14 §
5
o 1000 919.82 923.43

Slope angle []: 36 (opt) 3 838.43
Azimuth angle [°): 0 E
Yearly PV energy production [kWh]: 16822.8 :
Yearly in-plane irradiation [kWh/m?]: 1487.95 o 500
Year-to-year variability [kWh]: 776.23
Changes in output due to:

Angle of incidence [%]: -2.81

Spectral effects [%]: 1.34 0

Temp xe and low irradi 1%): -6.66 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Total loss [%]: -20.94 Month

Figure 18. Monthly energy output of a 14,3kWp plant of installed power in Santander.[12]

We obtain a Daily Average Winter of 56,76kWh.

6.1.5 REST OF LOADS AND SUMMARY

The methodology is the same for the rest of the loads given the different situations. The

graphs for these results are included on Appendix 1.

After all of the simulations we obtain the following results:
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MALAGA:
Installed Power Daily Average Daily Average Load
oa
[kWp] Winter [KWh] Summer [kWh]
Winter and Summer
2,7 10,42 14,7
Home
10,3 - 56,05 Summer Office
17,1 65,95 - Winter Office
Table 2. Malaga Installed Plants
SANTANDER:
Installed Power Daily Average Daily Average Load
oa
[kWp] Winter [KWh] Summer [kKWh]
3,7 - 14,69 Summer Home
5 10,8 - Winter Home

14,3 - 56,76 Summer Office
30,5 65,87 - Winter Office

Table 3. Santander Installed Plants

We can see a few different things while comparing tables 2 and 3. Firstly, for the same Load
we can see that we always need a larger installation for Santander, this is because, as we
presumed it would happen, more irradiation occurs the closer we are to the equator, and the
more irradiation the smaller our plant needs to be. We can therefore conclude, as this size
difference is pretty large, that latitude plays a very important role when it comes to

production of energy with PVs.
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If we now take a look at the Home loads for both locations, the difference between installed
power needed in summer and winter is not as large as we can see in the Office loads. This
means that whether we choose a bigger plant that will oversize in some part of the year or a
smaller one that will make us have to buy energy from the grid, we would not be having a
very big difference in size and therefore costs. This is why is going to be easier to optimise

the size of a home load, when it comes to its installed power.

The opposite scenario is present in the offices loads, a big difference in size is needed to
satisfy the demand for winter and summer therefore choosing an optimal size is going to be
trickier as we will have to choose between having a bigger one that will makes us produce
an excess of production in summer or a smaller one which will lead to the necessity of

purchasing energy from the grid.

6.2 PART Two: HOURLY PRODUCTION AND CONSUMPTION

COMPARISON

Having obtained the theoretically perfect PV plant size for our individual scenarios
separating in winter and summer, they now have to be studied together. As the same plant is
going to be needed for summer and winter, as it has already been mentioned, the perfect
plant for a given scenario in winter might be oversized for summer or vice versa, so an
analysis of a given plant has to be studied for both scenarios. As we already have the given
sizes for all circumstances, we can already determine if a plant is going to be able to cope
with our load for both summer and winter, so in order to determine if a bigger or a smaller
plant is going to be needed we are going to take a look at the hourly irradiance which can
be later converted into hourly energy production. When this hourly daily energy production
is compared with the hourly daily consumption we can determine if we are either consuming
or producing more and how much. In term when compared both summer and winter we will
be able to determine if we use a bigger or a smaller plant and also how much energy storage

we are going to need. We can determine the size of our batteries by comparing peak
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productions and consumptions, the biggest difference between the two, with a positive

production, will determine the maximum energy we will be able to store in our batteries.

6.2.1 SIMULATION PREPARATION

In order to make a good comparison with all our data we have to make a few adjustments to
our data. Thanks to the second tool we are going to use in PVGIS, hourly irradiance data,
we can obtain for a given location and month the average sun irradiation. This hourly
irradiation is a 24-point graph, one for each hour. Our daily load consumptions, thanks to
MATLABSs Grabit, has an average of 600 data points. So in order to be able to compare the
hourly production which we are later going to obtain form the irradiance we are going to
resample all of our hourly data , both the irradiance and the consumption, so we not only
have the same number of points (600) but also we are going to make a 24h vector divided
into this 600 points, that is going to be the hourly reference for all of them. This gives the

opportunity to operate with the data as they will all have the same x-axis data.

In order to do this, we can use MATLAB and its shape-preserving basic fitting plot tool.
Where it gives you a function for your given data points and you can insert a given x vector,
in our case our auxiliary 600 point 24h vector, to convert our data points into 600 data points,

holding the same information.

1000 Figure 1 Select data:  MALFEBIRR ¢
| | File Edit View Insert Tools Desktop Window Help ¥

INMade @ 08 R [E

v Plot fits Numerical results
I Check to display fits on figure

Center and scale x data

— spline interpolant Fit:  shape-preserving interpolant ¢

n VALFEBIRR ! Find y = f(x)
N shape-presening fhape preserving interp... Coefficients and norm of residuals Enter value(s) or a valid MATLAB
X L ;::rmlc Shape-preserving interpol expression such as x, 1:2:10 or
| 10,15]
i< / cubic Norm of residuals = @ L !
g 600 \ 4th degree polynomial aux Evaluate
|| \ Sth degree polynomial
# 500 6th degree polynomial x 0
1 / \ 7th degree polynomial 8.82 369
a 8th degree polynomial 8.88 381
;' 40 9th degree polynomial 8.94 393

| il ! . 9 204
of - Show equations 9.06 415
2 Significant digits: 3 ¢ 9.12 426
[ 9.18 437
i 200 Plot residuals
i Save to workspace...
| Bar plot <
| |

i) s Save to workspace... Plot evaluated results
Subplot <
i
| ° Show norm of residuals
0 s 10 15 20 2

| Help Close &«
_ HEB 24N~ 4UIX1 douDIe 1T >> aux=0:0.06:24: <

Figure 19. MATLABs shape-preserving tool.
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Figure 20. Malaga’s Daily Irradiance in February

As we can see in this example in Figure 20, we have converted Malaga’s Daily Irradiance

from a 24-point vector, orange, to a 600-point vector, blue.

6.2.1.1 Irradiance to Production

The next step is to convert the Daily irradiance into production by our PV plant so it can be

later compared to the daily consumption for each scenario.

Thanks to the information in PVGIS we can estimate that for every 1kWp of installed power
we have 1000W of energy produced per square metre. So, we can say that we have 1square
metre of Solar Panels for every 1kWp, it is important to take into account the system loss of
14% due to the conversion from solar energy to electricity. Taking into account the

conversion to nominal irradiance to balance the equation, we can say that:

Irradiance [%]

Equation 1. Energy Produced [W] = * 0.86 * Installed power[kWp]

Nominal Irradicance[looo%]
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6.2.2 SANTANDER OFFICE L0oAD STUDY

6.2.2.1 Installed power of 30,5kWp

We are now going to use Santander Office Load as our main system to analyse. We are going
to star analysing the biggest plant possible and work our way down to our optimal size. The
biggest plant possible for this scenario was a 30,5kWp plant which gave us enough energy
to cope with all of the winter consumption. But as we have previously mentioned this should
be too big of a plant for summer, which would effectively make it too big of an investment

for it to be viable.

With Equation 1, we obtain the following production for February and July:

18000 T T - T T
' FEB
/ JUL
16000 - / n|

14000 - / 4

T
1

12000

T
> i
1

10000

Instanteous power[W]

8000 - Y 1
6000 |- \ 1
4000 - J‘f "‘1 \ -

2000 - / / |

Hour

Figure 21. Santander 30kWp PV plants Office Production.

We can now separately compare them to our Winter and Office Loads to see if we are

consuming or producing more:
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Figure 22. Santander Summer Office Load and 30kWp PV Plant
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Figure 23. Santander Winter Office Load and 30kWp PV Plant
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As it is shown in both figures 22 and 23, it looks like we have an overproduction in both
months, which we are going to calculate how much below. We can also see that specially in
July we have a very big overproduction which is going to lead to a lot of energy not being
used and therefore being sent into the grid, and as it has been previously mentioned this is

underproductive in terms of cost and plant size.

If we subtract one from the other and integrate the result, we can see how much we are over

producing (positive value of integral) or consuming (negative).
In February we have the following: 14335Wh
And in July: 83346Wh

We therefore not only have an overproduction all year round, but as we have mentioned
quite a large one specially in summer. Therefore, we have obtained a valuable conclusion.
As a bigger plant is more expensive, if we have very large overproduction at least in one
season of the year it is not worth it to invest in such a large PV plant as the selling of the
overproduced energy will not compensate the original cost of the plant. We will dive deeper

into this cost later on.

6.2.2.2  Installed power of 14kWp

As we have seen large plants seem to be a problem, as having an intermediate size plant will
also give us overproduction in at least one of the seasons. If we look at tables 2 and 3 an
intermediate plant between the optimal for winter and summer will generate an over
production at some point, and as we have just discovered it is more efficient to try and avoid
overproduction and if needed as we have a grid connected system get energy form the grid.
Therefore we are now going to study the same system with an installed plant of 14kWp,
which is just under the optimal for our winter plant meaning that we should avoid a big
overproduction and we might end up having a bit of over consumption, but in the long rum

will be more economic.
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Figure 24. Santander Summer Office Load and 14kWp PV Plant
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Figure 25. Santander Winter Office Load and 14kWp PV Plant
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As we can see, for this plant the production curves are more similar to the consumption, as

this is an office scenario, we know that production hours are similar to consumption hours.
When doing the integral of the subtraction of the graphs we obtain the following results:
In February we have a Production-Consumption of: -29061 Wh over the whole day.

And in July: 7956 Wh.

As previously mentioned, in winter we have more consumption than production therefore
the system requires power from the grid for it to keep operating. On the other hand, in
summer we just about cover the consumption which is great because it means that is very
well optimized for this period. Now it is a matter of checking if it is worth it to have such

overconsumption in winter with this size of a plant.

Another aspect to take into account when deciding if this plant is cost effective is our
batteries for energy storage. We have already stablished that for winter we have an over
production and we will have to take into account that energy taken form the grid. But, for
summer, we can see in figure 24 that although we produce more than we consume there are
hours of the day where consumption is higher, therefore we need to store energy from when
we are producing more to use later on in the day. As we have already mentioned, the energy
stored can only be used from one day to another, as energy in batteries will not last enough

to be used in another month.

Therefore, to see our peaks where we are producing more, we have plotted the subtraction

of production minus consumption during the day:
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Figure 26. Santanders Production minus Consumption with a 14kWp plant

As we have already seen in figure 25, during Winter there is no point where production is
higher than consumption, the orange graph does not go over cero at any point. On the other
hand, we can see that during the summer there is a peak of 2558Wh at around midday of
production over consumption, which means that we would be able to store as much as that
peak. That amount of energy can be used later, which would be more than enough for the
rest of the day as we barely have more consumption, this is completely different than home
loads as we shall see. Therefore if we take a look at figure 7 (figure containing the different
type of batteries we are going to use) we could install a 3,3kWh, 90%, Nickel Manganese
Cobalt battery, which will give us a usable capacity of 2,97kWh for this plant giving us the
possibility to store all year round our excess of production to be used later in the day.

Therefore, giving us all we need to have this installation finished.
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6.2.2.3 Summary and costs
For an Office building with a 10kWh load located in Santander, we have installed a 14kWp
PV plant with a 3,3kWh Nickel Manganese Cobalt battery. This installation permits this

office building to run all year round at optimal costs.

We are only taking into account the cost of the components we are going to install to make

our comparisons [15]:

e Our LG CHEM 3,3kWh battery costs around 2.400€
e A 14kWp installation can be achieved through several solar panels, at an average

cost of 60€ every 100Wp therefore: 8400€.

6.2.3 SANTANDER HOME LoAD STUDY

Having learned that a smaller plant in the long run is more beneficial in terms of cost and
space, for our home load in Santander we are going to start the study with a smaller plant
and see if its optimal. As we can see in Table 3 for an optimal summer consumption, we
would need a 3,7kWp installation and for winter a SkWp. So, we are going to consider using

a 3,5kWp installation.

6.2.3.1 Installed power of 3,5kWp

As we previously did for the office load, we are going to take a look and compare production

and consumption for summer and winter:
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Figure 27. Santander Summer Home Load and 3,5kWp PV Plant
—— PROD JAN
CONS JAN
3000 - ‘ .
\‘ I\
l |
2500 |- ‘ .
3 |
s
3 2000 - ‘ .
a |
» “
=
3 ) ‘
B | | ‘
S 1500 - g \ y
k7] ‘ [ ‘
£ \
,/“"\\ | ‘
1000 - [ i
| | |
\ ‘ \
I g A\
500 [\ N |
\ \
\VaS N “1
0 L 1 )
0 5 20 25

Hour

Figure 28. Santander Winter Home Load and 3,5kWp PV Plant
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The main difference we can see in Figures 27 and 28, in comparison to the consumption of
the Office load, is what we already knew, that the shape of the consumption is very different
to the production. These means that in order to fulfill the consumption in no production hour
a bigger energy storage system is going to be needed, scaled to the size of our load, as in
terms of size the battery system for our office might be bigger but this is due to the fact that

the load itself is bigger.

If we now integrate the subtraction of consumption minus production, we obtain the

following results:
In January we have a Production-Consumption of: -3516Wh over the whole day.
And in July: 1394Wh.

This data compared to the office load is not only smaller in terms of overall consumption
and production, but as a result the difference are between the seasons is narrower making it
easier to stablish our plant, because an excess of consumption of 3516Wh over the winter
can easily be taken from the grid without making a big difference. Therefore, this is a perfect
size for our given load given that for summer we can cover the consumption and as

mentioned we barely need to buy energy for the grid in winter.

To now see how big our storage system can be we can take a look at the peaks where we

have more production in the already mentioned subtraction minus consumption graphs:
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Figure 29. Santanders Home Load Production minus Consumption with a 3,5kWp plant

Our biggest peak during the year, occurs during the summer at around midday, which makes
sense as it is peak production hours and in household, we tend to have less consumption at
this time. This peak of 1820W will give us the possibility of installing a battery of 3,3kWh,
90%, Nickel Manganese Cobalt battery, which will give us a usable capacity of 2,97kWh
(Figure 7), which is the smallest one they offer, making it bigger than needed. We now have

a complete installation.

6.2.3.2 Summary and costs

For a Home with a 5kWh load located in Santander, we have installed a 3,5kWp PV plant
with a 3,3kWh Nickel Manganese Cobalt battery.

Our cost is:

e LG CHEM 3,3kWh battery costs around 2.400€
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e A 3,5kWp installation can be achieved through several solar panels, at an average

cost of 60€ every 100Wp therefore: 2100€.

6.2.4 MALAGA L0oADS STUDY

For Malaga we use what we have learned what we have discovered while studying our
Santander scenarios to obtain the perfect PV plants to satisfy our loads. The simulations for

these studies are included on Appendix II.
After all of the simulations we obtain the following results:

6.2.4.1 Malaga Office Load

We ended up deciding to go with a 10kWp plant and a 3,3kWh, 90%, Nickel Manganese
Cobalt battery.

Which give us a cost for our components of:

e LG CHEM 3,3kWh battery: 2.400€
e A 10kWp installation: 6000€

6.2.4.2 Malaga Home Load
We went with a 2,5kWp plant and a 3,3kWh, 90%, Nickel Manganese Cobalt battery.

Which give us a cost for our components of:

e LG CHEM 3,3kWh battery: 2.400€
e A 2,5kWp installation: 1500€
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CHAPTER 7. ANALYSIS OF RESULTS

The first thing we can see when analysing our results, it’s despite the difference in size in
our two different load types, they both need the same size battery. This is due to two reasons,
we do not have a small enough battery to be optimal for our home load, and as our office
load has a consumption curve similar to the production curve, we need less storage, and

therefore our smallest battery is sufficient for both locations.

Another aspect to point out is that the home energy storage system will undergo a higher
number of partial charge/discharge cycles daily when compared against the office load, this

can lead to faster ageing of batteries in the home installation scenario.

7.1 COST ANALYSIS

As we have theoretically determined a smaller plant should give us the most cost-effective
result for our given scenarios. That is why we are going to take a closer look at overall cost
to see if this is true. We are going to once again use the Santander Office scenario to analyse

our costs.

Our chosen PV plant has a 14kWp installation with a cost of 8400€ and a LG CHEM 3,3kWh
battery with a cost of around 2400€. We now have to take into account that as our plant is
small for more or less half of the year, we are going to need to buy electricity for the grid.
We calculated that during the winter we had an over consumption of 29016Wh, if we
approximate that spring and autumn balance out the winter and summer deviations and
therefore say that for half of the year, we need that amount of energy daily. Taking into
account that this is an approximation to see how much it cost to run our scenario, there is
also the fact that we are able to sell our excess of production that will help compensate our
costs, but we want to just make an approximation because analysing a hole year of

consumption is not the focus of this work.
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With an average price in Spain this 2021 of 0,20€/kWh we can say that if we need
29,016kWh every 24h for half of the year (182,5 days) we get a yearly cost of energy of:
1095€ a year.

With no PV plant, as in an office building, we had a daily consumption of 56,01kWh in
summer and 65,78kWh in Winter this will give us a yearly cost of: 14667€.

Therefore, our PV installation in total will cost around 10800€ plus a 1095€ a year of energy,
we are already saving money on our first year, because these costs are lower than our annual

no PV plant scenario.

7.2 SIZING CRITERIA ANALYSIS

Now that we have taken a look at our optimal plants for our given scenarios, it is time to take
a look at stablishing a sizing criterion for any given scenario. We talked about taking into
consideration, in chapter 5.3, peak daily power requested for our given load, as taking into
consideration the time of the year, because we have different production and finally

stablishing a battery system.

We can see given the result on chapter 6.2, that peak power requested can give us a sense of
how big our plant is going to be, as installation are sized in kWp. But we cannot determine
the size of our plant with just this number, because as we have also found out, latitude is
very important, and the closer to the equator the more you can produce with a given plant.
Therefore, we saw that for a given load in two different locations we had different PV plant

sizes.

We have also seen that time of the year varies our production, but we could not obtain
information that helped stablish a criterion for any given scenario, only that a smaller plant

it more economical, given that overproduction in certain seasons of the year is not optimal.

And finally, stablishing a battery system turned out to depend completely on the given load

and its consumption, given that the size of our storage system depends on the peaks during
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the day where production is higher than consumption, we cannot stablish any correlations

between different scenarios.

We can therefore say that at this time it is not possible to stablish a sizing criterion for a
given scenario given that there are many factors to take into account. But we have made
enough research to have a better knowledge on how to do it. We have learned differences
between office and household loads, how to take into consideration different production that

occurs all year round and have seen that battery systems can be viable on a PV plant system.
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In this work we have studied photovoltaic plants with energy storage that can be

implemented in small size office or homes. In particular, a comparison has been made

between the two types of load trying to establish a sizing criterion for any given load profile.

The most important conclusions that we have obtained are:

1.

Although a general sizing criterion has not been able to be established, we have
determined certain parameters and guidelines on how to approach a given load so
that it is easier to stablish a cost-effective PV plant for any given load.

We have learned that for a Mediterranean Country it is cost effective to establish a
PV plant, and that it is possible to save money in the short run with it. All speculations
about not being a costly energy system have been proven wrong as we can see that
we can easily gain back our investment. It is also important to point out that there are
other expenses that have not been taken into account such as paperwork, installation
costs or design, but that still make our plant cost effective.

Energy storage system are proving to also be cost effective, although still expensive
and having the possibility of having to change them out every few years due to aging,
we have seen that are starting to be optimal in a small-scale scenario.

It is better to have a smaller plant and have to buy energy from the grid from time to
time than to have a larger plant with overproduction because the cost of that
investment is going to be too high, also the footprint of installation of PV plants can

be a limiting factor, in urban areas there is less space for an installation.
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SANTANDER WINTER OFFICE LoAD

Our average winter office load has a daily average consumption of 65,78 kWh. Therefore,

to obtain this a 30,5kWp plant is needed:

Summary .
s Monthly energy output from fix-angle PV system
e
Location [Lat/Lon]: 43.467, -3.812 5k
Horizon: Calculated
Database used: PVGIS-SARAH
PV technology: Crystalline silicon 4K 3,680.78 64 5_33'824 53
PV installed [kWp]: 305 g . 01:"‘57'69 3,512.39
System loss [%]: 14 é . R 2,961.43
2
:
Slope angle []: 36 (opt) = 2,151.83 1,961.84
Azimuth angle [°: 0 S 2% 178827
Yearly PV energy production [kWh: 358808 o
Yearly in-plane irradiation [kWh/m?J: 1487.95 o
Year-to-year variability [kWh]: 1655.60 1k
Changes in output due to:
Angle of incidence [%)]: -2.81
Spectral effects [%]: 1.34 Ok
re and low irradi [%]: 666 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Total loss [%]: 2094 Month

Figure 30. Monthly energy output of a 30,5kWp plant of installed power in Santander.[12]

We obtain a Daily Average Winter of 65,87 kWh.

MALAGA SUMMER AND WINTER HOME LOAD

Our average winter home load has a daily average consumption of 10,26 kWh and our
summer home load of 14,49kWh. Therefore, to obtain both of them a 2,7kWp plant is

needed:
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Summary

Monthly energy output from fix-angle PV system

|I¢-

Provided inputs: (C) PVGIS, 2021
Location [Lat/Lon]: 36.721, -4.424 500
Horizon: Calculated 444 63466'“ 46022
436.25 '
::t?base usedl. WGI'S-W 28824 3981 405.09
echnology: Crystalline silicon 400
PV installed [kWp]: 27 = 3623
System loss [%]: 14 g 324.87 318.03 3032 3012
5 300 .
Q
3
Slope angle [°]: 34 (opt) B
Azimuth angle [°): 0 g 200
Yearly PV energy production [KWh]: 4608.59 g
Yearly in-plane irradiation [kWh/m?]: 214176 >
Year-to-year variability [kWh]: 101.77 100
Changes in output due to:
Angle of incidence [%]: -2.57
Spectral effects [%]: 0.63 0
Temperature and low iradiance [9%]: _5.48 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Total loss [%]: 20.3 Month

Figure 31. Monthly energy output of a 2,7kWp plant of installed power in Malaga.[12]
We obtain a Daily Average Winter of 10,42 kWh and a Daily Average Summer of 14,7kWh.
MALAGA SUMMER OFFICE LOAD

Our average summer office load has a daily average consumption of 56,01 kWh. Therefore,

to obtain this a 10,3kWp plant is needed:

Summary
3 Monthly energy output from fix-angle PV system
(©) VG, 2021
Location [Lat/Lon]: 36.721, -4.424 2000
Horizon: Calculated 1,779.27
Database used: PVGIS-SARAH 1,664.22
PV technology: Crystalline silicon 1,518.66 1,545.35
PV installed [kWp): 10.3 = 150 1,382.12
System loss [%)]: 14 ?_c 1,239.31
5 1,156.65
2
i
Slope angle []: 34 (opt) =3
Azimuth angle [°]: 0 3
Yearly PV energy production [kWh]: 17580.9 g
Yearly in-plane irradiation [kWh/m?]: 2141.76 b 500
Year-to-year variability [kKWh]: 388.25
Changes in output due to:
Angle of incidence [%]: -2.57
Spectral effects [%]: 0.63 0
Temperature and low irradiance [%]: 5.48 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Total loss [%]: 203 Month

Figure 32. Monthly energy output of a 10,3kWp plant of installed power in Malaga.[12]

We obtain a Daily Average Summer of 56,05 kWh.
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MALAGA WINTER OFFICE LoAD

Our average winter office load has a daily average consumption of 65,78 kWh. Therefore,

to obtain this a 17,1kWp plant is needed:

Summary
3 Monthly energy output from fix-angle PV system
(©) PV, 2021
Location [Lat/Lon]: 36.721, -4.424 4K
Horizon: Calculated
Database used: PVGIS-SARAH
PV technology: Crystalline silicon 2,953.93
PV installed [kWp: 171 = 3K 2762.932.816.28
System loss [%]: 14 ?_‘ 2,521.28 2,565.59
S 2,294 .58

Slope angle [°): 34 (opt) % =
Azimuth angle []: 0 g:‘j
Yearly PV energy production [kWh]: 29187.71 ;
Yearly in-plane irradiation [kWh/m?): 2141.76 TR
Year-to-year variability [KWh]: 644.56
Changes in output due to:

Angle of incidence [%): -2.57

Spectral effects [%]: 0.63 Ok

Temperature and low irradiance [%): 5.48 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Total loss [%): 203 Month

Figure 33. Monthly energy output of a 30,5kWp plant of installed power in Malaga.[12]

We obtain a Daily Average Winter of 65,95 kWh.
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MALAGA OFFICE LoAD STUDY

Following the same analysis, we did for Santander we have installed a 10kWp plant for our

office building in Malaga.

Installed power of 10kWp
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Figure 34. Malaga Summer Office Load and 10kWp PV Plant
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Figure 35. Malagas Winter Office Load and 10kWp PV Plant

By taking a look at figures 34 and 35 it seems that a correct size has been chosen following

that we want to obtain the minim possible plant that permits us to be cost effective. Taking

a look at further data we can see how we did.

By integrating the subtraction of consumption minus production, we obtain the following

results:

In February we have a Production-Consumption of: -21962Wh over the whole day.

And in July: 5949Wh.

As expected, an excess of consumption in winter and a excess of production in summer.

Although the excess of consumption in winter seems very big in comparison with summer,

we obtained similar result for our office building in Santander, therefore we can say that this

plant could perfectly work in this scenario.
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Figure 36. Malagas Production minus Consumption with a 10kWp plant

In order to now decide which energy storage system, we can use we take a look at the peaks
of over production in Figure 36. We can see that we obtain similar results than in our
Santander Office building, therefore the same battery system can be used: a 3,3kWh, 90%,
Nickel Manganese Cobalt battery, which will give us a usable capacity of 2,97kWh (Figure
7).

MAarLAGA HOME LOoAD STUDY

For our Home Load in Malaga we follow the same rules as before, therefore we are going to

try to study a 2,5kWp plant in our scenario:

Installed power of 2,5kWp
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Figure 37. Malaga Summer Home Load and 2,5kWp PV Plant
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Figure 38. Malaga Winter Home Load and 2,5kWp PV Plant
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If we now integrate the subtraction of consumption minus production, we obtain the

following results:

In January we have a Production-Consumption of: -211Wh over the whole day.
And in July: 892Wh.

With this data, our plant fits perfectly with this load as we barely have over production or
consumption all year round, this was bound to happen due to the fact that, as we could see
in Table 2, the same optimal PV plant size was used for both winter and summer in our

Malaga Office building.
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Figure 39. Malagas Production minus Consumption with a 2,5kWp plant

In order to now decide which energy storage system, we can use, we take a look at the peaks
of over production in Figure 39. As it happened with the Household in Santander our biggest
excess of production is lower than the smallest battery, we have available therefore we can
use the same one: 3,3kWh, 90%, Nickel Manganese Cobalt battery, which will give us a

usable capacity of 2,97kWh. Which we can see is the same battery for all of our 4 scenarios.
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