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Abstract

The elimination of the so-called solar-tax in Spain at the end of 2018, which
had earlier made investment in residential PV systems unattractive, has opened
a new horizon for self-consumption and thereby providing an opportunity for
households to reduce energy costs. This thesis presents an investment analysis
to determine the optimal size of a grid-connected energy storage/PV system that
minimizes the electricity bill in Spanish households. The problem is formulated
as a linear programming optimization and implemented in Python. The study
considers two models, one stochastic and one deterministic, which perform an-
nual simulations for three households with different annual load consumption
patterns. Real data from solar radiation, spot prices and load consumption are
provided for the modelling. Results show that it is more cost-effective to invest
in PV systems rather than in battery storage and up to 23% reduction in the
annual electricity costs can be achieved in the best case scenario. Moreover, a
sensitivity analysis on energy storage prices is carried out, which mainly affects
households with high energy consumption.

Keywords— Optimal sizing, energy storage, solar power, stochastic optimization,
electricity bill.
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1
Introduction

1.1 Background
Facts as decarbonization, climate change and generation through renewable
sources put the electric sector in a constant transition, which may end up hav-
ing an impact on the market in the following years. There are already many
companies working in new energy projects in order to catch the new market
opportunities.

A good example of this transition is the PV technology, which is raising as one
of the most efficient and effective renewable resources at a household level. Its
implementation brings to homeowners an increase in their electricity bill sav-
ings and less grid dependence. However, as many other renewable sources, it is
weather dependent. Solar panels gather energy from sunlight, meaning solar en-
ergy is usually available during periods of the day when the household requires
few energy consumption.

Therefore, the use of an energy storage technology in combination with a PV
technology is often considered to store the energy surplus produced by the solar
panels to use it when needed. This synergy of technologies not only helps to
increase the flexibility of PV production, but also to reduce the electricity bill
costs. Although there are studies as [9] and [10] that claim investing in energy
storage for individual households might not be cost-effective nowadays, the truth
is that it is a matter of time. In 2010, battery prices were around 1100$/kWh
and they dropped 87% reaching 156$kWh in 2019. According to [1], It is ex-
pected that the average price becomes close to 100$/kWh for 2023 and below

1



2 CHAPTER 1. INTRODUCTION

that price by 2025. In fact, according to the senior energy storage analyst of
BNEF, James Frith, the more battery prices fall, the higher the value buyers
will obtain than they do today. Figure [1.1] shows the prediction of this analyst.

Figure 1.1: Annual lithium-ion battery market size [1]

Whenever batteries gets cheaper, the electrification of more sectors will carry
out, and it is here where end-consumers come into play. Nowadays, there are
many households paying considerable high electric bills, although it is true that
this depends on the country where it is consumed. In Spain, citizens pay a
higher price for electricity than the majority of the European countries. Based
on [11], Spain is the 4th country with the most expensive electricity of Europe,
following Denmark, Germany and Ireland. Due to this fact, an optimal energy
management to pair and schedule PV and batteries might reduce considerably
the electricity bill of households in Spain under ToU and feed-in tariffs if im-
plemented effectively, as the electricity purchases when prices are the highest
(On-peak periods) can be avoided. In addition, energy surplus from the PV can
be sold to the grid, which may help to reduce even more the bill and recover
the investment faster.

Although Spain has huge potential in solar production due to its geographical
location, countries as Germany or United Kingdom, which have lower potential,
have higher solar capacity. In 2019, while Spain had 9.233 MW of PV capacity,
Germany and United Kingdom solar capacity reached 49.016 MW and 13.616
MW respectively [12]. This scenario is expected to change in the following years
as the solar tax law was abolished at the end of 2018 [13], commonly know in
Spain as "Impuesto al sol", which established a tax over each energy unit pro-
duced by PV technologies ands did not allow to sell solar energy to the grid for
small consumers, among others. This law has been limiting the development of
solar systems at a household level, since it made their investment not attractive
economically speaking. This change in regulation opened a window towards
self-consumption and energy cost savings in Spain.

With the purpose of researching and analyzing the new horizon in Spain in
terms of energy self-consumption, this thesis develops an investment analysis

2



3 CHAPTER 1. INTRODUCTION

to assess the optimal size of PV and battery technologies that minimizes the
electricity bill for individual households under a ToU Spanish tariff.

1.2 Motivation and scope
Assessing about the optimal size of PV and battery technologies that minimizes
the electricity bill is an incentive to promote the installation of green energies
that helps to reduce the C02 footprint and to develop the self-consumption of
electricity in Spain. Spain has a good geographical location in terms of solar
radiation, thus a high PV contribution is expected. However, the influence of
the battery and its possible interactions with PV systems is unknown, as yet
there has been no investigation of the possible impacts in households belonging
to the Spanish low-voltage grid.

Nevertheless, it is not enough to size PV and battery to get price reductions in
the electricity bill, but also to schedule correctly their operation. Solar panels
only produce energy during the sunshine hours, meaning the PV energy is only
available during those hours unless a battery stores that energy for a later use.
Batteries can store energy from the PV or from the grid when electricity prices
are low, and then use that energy to cover the energy demand when electricity
prices become high. In addition, once the energy demand is fulfill, this energy
can be sold to the grid, which may help to recover the investment faster. There-
fore, a proper scheduling is also necessary to operate batteries and PV systems
efficiently so that electricity bills can be better minimize. A way to model op-
timal sizing and scheduling of energy technologies is linear programming, and
this thesis makes use of it to face an investment analysis problem grounded on
a electricity bill minimization in Spain.

This study is based on a municipality located at the outskirts of Madrid, from
where annual consumption data of three different households are collected. Each
of them has the capability to include energy storage and PV systems. Since the
future is uncertain, historical data of solar radiation and electricity prices from
the same municipality are also included in order to predict future tendencies
of these data, so that dimensioning can be size accordingly. The programming
language is Python, which develops two linear programming models to solve the
problem, one stochastic and one deterministic. Both models are created with
an optimization algorithm that finds the optimal size and management of bat-
teries and PV systems that minimize the total annual costs for each household,
considering electricity bill and investment costs. The analysis period is 25 years
while considering a discount rate of 5%. At the end, a sensitivity analysis is
included to determine the impact of battery prices over the investment decisions.

3



4 CHAPTER 1. INTRODUCTION

1.3 Problem definition
This research will attempt to answer the following questions:

• Is it cost-effective to invest in PV and energy storage technologies in or-
der to reduce the domestic electricity bill for households of the low voltage
Spanish grid under a TOU tariff after the abolition of the so-called "Im-
puesto al sol" law? What optimal size minimizes the domestic electricity
bill? How big is this bill reduction in comparison with no making any
investment? And how much savings will house owners make?

• Usually, an investment analysis is carried out based on predictions about
the future. How far would sizing predictions differ from the actual real
ones that minimizes costs the most?

• How energy storage prices influence the investment decisions? What im-
pacts does it has over the domestic electricity bill?

1.4 Outline
The remainder of this thesis is divided into six sections. Chapter 2 presents
a literature review about previous researches in similar topics relevant to this
thesis. Chapter 3 introduces the modelling and the two simulation models used
in the case studies. Chapter 4 presents the results of the simulation cases. The
discussion about the results is presented in Chapter 5 and the conclusions of
the research in Chapter 6.

4



2
Literature review

2.1 The Spanish Electric System
There are already many the studies performed about the electricity bill reduc-
tion under the support of photovoltaic systems and batteries as [14], [15] and
many other researches already mentioned. However, there are not so many that
combine it with the new energy regulations in Spain.

Since this thesis deals with electricity tariffs in Spain, it is necessary to give
first an overview of how the Spanish electric system is and how its power mar-
kets works. There exists four big activities inside the Spanish electric sector:
generation, transmission, distribution and commercialization.

2.1.1 Generation
The generation is considered to be very diverse (see table 2.1), meaning that it is
composed by a mix of several energy technologies, being the wind and hydro the
two renewable sources with more influence. Equally, the combined cycle power
plants together with the nuclear plants reach almost half of the total energy
mix. It is important to clarify that these last technologies mentioned are not
the ones that contribute more energy to the grid, but the ones that has more
MW installed. In any case, since each power plant has a different efficiency, it is
usually the nuclear energy the one that contributes the most to the Spanish grid.

5



6 CHAPTER 2. LITERATURE REVIEW

Table 2.1: Generation structure in Spain [2]

Technology Generation in 2019
Hydro 9.0%
Wind 20.6%
Solar 3.5%
Thermo Solar 2.0%
Other Renewables 1.7%
Nuclear 21.2%
Coal 5.0%
Oil and Gas 2.2%
Combine Cycle 21.9%
Cogeneration 11.4%
Other no Renewables 1.5%

The maximum instantaneous power demanded in 2019 was around 40,455 GW
and the power installed 110,266 GW, in other words, the electric system is
oversized. Thus, if all power plants worked at their total capacity, they would
be able to supply double the maximum demand. Regarding the total generation
in 2019, Spain produced around 264,8 TWh. Besides, Spain it is also a country
that imports and exports energy with its neighbours, France and Portugal. The
balance in 2019 ended up in 6,6 TWh imported.

2.1.2 Transport
This is an activity regulated and controlled by a single system operator called
REE, who is in charge of the electric grid of the whole country. The Spanish
grid reached 44457 km in 2019.

REE is the organism whose main duty is to ensure the maintenance and the
correct use of the electric grid, as well as the monitoring of the power production
of the power plants. They also manage the energy transport from the generation
plants till the conversion points to low voltage grids. As it can be seen in the
map below, Spain is a country that has an electric grid very spread out in all
its territory, being the areas of Madrid, Barcelona, Basque country and Galicia
the points with higher consumption.

6



7 CHAPTER 2. LITERATURE REVIEW

Figure 2.1: Map of the Spanish electric grid from 2016 [2]

2.1.3 Distribution
This phase is controlled by five big companies, which are in charge of assur-
ing the use, maintenance and operation of the electric grid from the low voltage
grid till end-users. These companies are Endesa, Iberdrola, Gas Natural Fenosa,
EDP y Viesgo.

The picture below shows the distribution of these companies all over the country.
Endesa manages the areas of Cataluña, Aragon, and both the Canary and the
Balearic islands. A great part of the center and east of Spain is covered by
Iberdrola. Gas Natural owns another area in the center and the whole Galicia
area. Finally, EDP and Viesgo take over of the north.

7



8 CHAPTER 2. LITERATURE REVIEW

Figure 2.2: Map of the distribution areas [3]

2.1.4 Commercialization
This is one of the most meaningful stages, since it covers the buying and selling
activity of energy packages handled by the market operators OMIP and OMIE.

OMIP is a regulated market operator that provides a trading platform for en-
ergy derivatives products, known as futures, where energy prices change for
many different periods in time. It acts in a similar way as the stock market.
This market usually deals with higher prices and volumes of energy, but with a
greater stability.

OMIE is another market operator in charge of setting the electricity prices
hourly and it does it through three market processes, a day-ahead market, an
intraday market and an continuous intraday market.

• The day-ahead market. It establishes the energy price for the next 24
hours of the next day. This process takes place every single day of the year
at 12:00pm. The system is known as an "electric pool". Every day the
government ask for an specific amount of watts to the electric companies
so that all consumers get the electricity they demand. The electricity
companies reply with a supply, which starts with the cheapest energies,
mainly renewables, and ended up with the most expensive ones, which
are usually the most polluting energies, as coal. The last energy source
that enters the market is the one that sets the energy price. However, this
evaluation also needs a technical validity, in which the system operator is
involved. This one has to assure that the market results are possible from
a grid perspective (e.g. the capacity of the network is not congested).

• The intraday market. This market acts as a tool that allows to adjust
the production and consumption predictions and make changes on the

8



9 CHAPTER 2. LITERATURE REVIEW

day-ahead output in order to balance the generation and demand. These
needs tend to show up more often because of a higher capacity of renewable
energy, which is very variable and sporadic. This changes in production
and consumption are also sent to the system operator, so that its balance
processes can be programmed.

• The continuous intraday market. It is based on a common computer
system on real time that monitors all the different intraday markets just
like the different system operators from several countries in order to com-
municate the available interconnection capacities in between the borders.
In the case of Spain, the continuous intrday market allows buying and
selling with other markets beyond France and Portugal borders. However,
this is only possible when the connection line between countries is not
saturated in one of the ways and/or the electricity price is the same or
similar.

9
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2.2 Types of Markets in Spain
Spain offers to consumers two ways of buying electricity from the grid, either
through the so-called PVPC Market or the Free Market.

2.2.1 PVPC or Regulated Market
PVPC is a market modality only available for consumers with an installed power
below 10kW. This market fixes the electricity price hourly during the whole year
based on the supply and demand between producers and consumers. The price
is regulated by the Government and by the five distribution companies men-
tioned above.

2.2.2 Free Market
This modality is offered to all consumers regardless of their installed power and
in this case, the consumer agrees with the company a fix price, meaning he
will always know exactly how much the kWh will cost. Since the government
is not involve in this market, each company competes for the best management
possible of the energy packages to satisfy their demand. There are almost 100
different companies in this market.

10
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2.3 Electricity bill in Spain
Electricity bills in Spain are complex and their price depends on several fea-
tures, especially for those who participate on the PVPC market, since they do
not have a fix energy price as it happens in the free market. In this subsection,
it is intended to show in detail how the electricity bills in the regulated market
are elaborated.

There are 5 concepts with which electricity bills are build up [16] [7]:

• Power installed. This is the maximum power that can be consumed
simultaneously. When this power is exceeded, the meter disconnects the
household from the power grid, leaving it without electricity supply.

The price is calculated by multiplying the installed power by the capacity
price set by the electricity company chosen. The higher the capacity the
higher this price is. The price per kW depends on the contract signed with
the electric company. It is usually between 0.11-0.13 e/kW·days.

PowerInstalled = Pcap · pcap ·Nodays (2.1)

Where,

– Pcap =Power chosen in kW
– pcap =Power price in e/kW·days
– Nodays =Billing period in days

• Energy consumed. It represents the total number of kW consumed dur-
ing the billing period and its price calculation is given by equation (2.2).
It is important to mentioned that this price is build up by two terms, the
cost of producing electricity and the grid-access costs. These two costs are
explained in detailed in section 2.4.

Previous to 2018, there were to types of billing for the energy consumed
part based on the type of metering device installed at the household. In
case of an analog meter, the amount of energy consumed is multiply by the
average price of energy during the billing period, see equation (2.3). On
the other side, for those consumers with a smart meter installed at their
homes, the price was elaborated as it is done today, by multiplying the
hourly energy consumed by the corresponding price at that same moment,
given by the PVPC market and published in the system operator (REE)
webpage daily.

Nevertheless, it is assumed every household has a smart meter installed
nowadays, since the Government launched a law in 2012 "Orden IET/290/2012"

11
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published in [17], where it was established that analog meters must be sub-
stitute by smart meters before the 31st of December 2018.

Consumers with smart meter

EnergyConsumed =

hours∑
h

Eh
cons · (phE + Th

grid) (2.2)

Consumers with analog meter

EnergyConsumed = ETotal
cons · (pAvg

E + TAvg
grid ) (2.3)

Where,

– Eh
cons =Energy consumed per hour in kWh

– phcons =Energy price per hour in e/kWh

– Th
grid =Grid-access toll price per hour in e/kWh

– ETotal
cons =Total energy consumed during the billing period in kWh

– phcons =Average energy price of the billing period in e/kWh

– Th
grid = Average grid-access toll price during the billing period in
e/kWh

• Electricity tax. It is a tax for electricity established on January 1st
2015 (5,1127%). This percentage is multiply by the resultant cost from
the installed power and energy consumed.

• Control and measurement equipment. It is the monthly cost for
the measuring equipment of the household. The price depends on the
equipment installed.

Table 2.2: Monthly cost based on the meter installed [7]

Type of meter Price(e)/month
Regular meter without remote management 0.54
Regular meter with ToU without remote management 1.11
One phase smart meter with remote management availability 0.81
Three phase smart meter with remote management availability 1.36

• IVA tax. It is a type of value-added tax. This one is applied on the sum
of all previous concepts (21%).

12
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2.4 Low voltage electricity access rates
As mentioned before, in all electricity bills there is a term called grid-access
costs, although they are also known as electricity access rates. This term rep-
resents the costs for the transport and distribution of energy through the grid
from the generation to the supplying points. These costs are independent from
electricity consumption and differ based on the power installed, on the discrim-
ination period and on the voltage level with which energy is supplied, leading
to different types of tariffs [18]. This thesis wants to focus on the low voltage
level grids, as it represents the most common scenario for domestic consumers
in Spain. Table 2.3 shows all the possible low grid-access tariffs among which
consumers can choose the one that economically suits the most for their electri-
cal consumption pattern and power installed.

There are two factors with which access rates tariffs are made in the Spanish
system:

• Contracted power: Consumers with a power installed below 10 kW will
have a 2.0 access rate. Those between 10 kW and 15kW will have a 2.1
access rate and powers above 15 kW will have 3.0 access rates, as long as
they belong to the low voltage grid. The higher the access rate number
the higher the price consumers will have to pay.

• Time discrimination: All powers displayed in table 2.3 have a "last
name" depending on whether they have time discrimination or not. Tariffs
with A at the end do not have any time discrimination, meaning they will
always see a very similar electricity price regardless of the time of the
day. Tariffs ending in DHA have two time discrimination periods, known
as peak and off-peak. DHS tariffs are made for those with EVs at home
and it is divided into three different time periods during the day (peak,
off-peak and mid-peak). The only exception is tariff 3.0 A, which always
has three periods.

Table 2.3: Power installed range and discrimination periods for low voltage
tariffs

Grid-access tariffs Voltage level Power installed DP
Tariff 2.0 A 1kV 1-10 kW 1 period
Tariff 2.0 DHA 1kV 1-10 kW 2 periods
Tariff 2.0 DHS 1kV 1-10 kW 3 periods
Tariff 2.1 A 1kV 10-15 kW 1 period
Tariff 2.1 DHA 1kV 10-15 kW 2 periods
Tariff 2.1 DHS 1kV 10-15 kW 3 periods
Tariff 3.0 A 1kV 15kW 3 periods

13
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From all grid-access tariffs mentioned above, this research only takes tariff 2.0
DHA under study. The scope of this project tries to give insight about the
optimal size of solar panels and batteries that minimizes the electricity bill of
the vast majority of consumers in Spain. Therefore, It has been assumed that
regular consumers are between powers of 1 to 10 kW and subjected to two
discrimination periods, since the EV technology is still far to be considered in
Spain. Thus, tariff 2.0 DHA is the perfect candidate.

Peak and off-peaks in 2.0 DHA rate vary based on the time of the year. There
are two timetables adapted to the time change in Spain, a summer timetable
and a winter timetable, see picture 2.3. During winter, the peak hours (when
the electricity price is most expensive) are between 12pm to 22pm and the valley
hours (when electricity price is cheaper) are from 22 at night to 12pm next day.
Summer timetable has the same time extension, but with one hour shift. Picture
2.4 shows graphically the electricity market price that a consumer sees under
a tariff 2.0 DHA in a regular day where the two discrimination times can be
distinguished.

Figure 2.3: 2.0 DHA grid-access rate timetable [4]
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Figure 2.4: Hourly PVPC price for 2.0 DHA in a regular day [2]
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2.5 Energy storage and PV systems

2.5.1 Batteries
One essential part of this study is to identify which type of battery suits the
best in terms of price, lifetime and energy density, based on the work carried
out from preceding studies.

According to [8], lithium-ion and lead-acid are the most common battery types
used in combination with solar systems. Studies as [19] (lithium-ion battery)
or [20] (lead acid) are some examples, although there are studies as [21] that
chose a different alternative as NCA and NMC batteries. However, among all
batteries, lithium-ion is at the end the one with bigger market share due to its
high usable capacity and long lifespan. It terms of price, lead-acid is cheaper
in the short-term, but lithium-ion is a better option if future replacements are
considered in the long term, see table 2.4.

Table 2.4: Comparison between different battery types with the same storage
capacity [8]

Characteristics Lead-Acid Battery Lithium-Ion Battery
Preliminary cost 2000 4000
Storage capacity 4 kWh 4 kWh
Depth of Discharge (DoD) 50% 90%
Life Cycle 1,800 4,000
Cost/ kWh / Cycle 0.556 0.278

The lifespan is also an important factor to consider. Solar battery lifespan is
usually between 5 to 7.5 years for lead-acid types and 11-15 years for lithium-ion
types, meaning they need to be replaced at least once to match with the solar
panel lifetime, which is around 25-30 years. Moreover, during their lifetime,
batteries do not keep the same capabilities as when they were brand new, they
experience what is known as degradation or ageing process, which influences the
economical and technical performance of batteries. Some researchers included
these ageing factors into their energy storage models [20], [22], [23].

Regarding prices, battery costs vary widely depending on the manufacturer, re-
gion, brand, etc. Usually, this is a factor difficult to establish and at the same
time very important since it influences the sizing modelling in a high extent.
Figure 2.5 presents some battery costs chosen in recent studies.
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Figure 2.5: Current battery storage costs from studies published in 2018 and in
2019 [5]

In this thesis the battery type chosen to size is a lithium-ion as future costs are
considered for the investment analysis. Furthermore, the ageing of the battery
is neglected, meaning the battery will always have its initial storage capacity
until it is no longer useful from a economical point of view. In terms of price,
the optimal sizing is carried out with an initial battery cost of 500e/kWh.

2.5.2 Solar panels
Similarly to previous section and as part of this thesis, it is also important to
give insight about how solar panels features are implemented in previous re-
searches in order to find the ones that fits better to the modelling of this study.

There exist a belief claming that policrystalline cell perform better than monocrys-
talline in places with high temperatures. However, studies as [24] have proved
that policrystalline panels always reach a higher cell temperature than monocrys-
talline ones. This mentioned study consisted on testing the efficiency degree of
photovoltaic conversion of three different types of solar panels, among them the
monocrystalline and policrystalline ones. Some of this results concluded that af-
ter all, policrystalline cells present higher conversion efficiency even under high
temperatures. From the two main types of solar panels, it is clear that at the
end the choice depends on what is more valuable for the consumer, either prices
or performance. In case the consumer needs low prices, then policrystalline
panels may be an option. On the contrary, if the performance is the matter of
choice regardless of the price, monocrystalline panel is the perfect candidate.
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Temperature as in many other electrical appliances plays a big role in terms
of efficiency. Spain is a country that experiences relatively high temperatures,
especially during the summer months, where ambient temperatures may reach
38oC easily. According to [25] temperature is a very important fact to consider
when choosing a solar panel, since solar module efficiency decreases as temper-
ature increases once the solar cells are above 25oC. Some papers have taken
this factor into account by considering ambient temperature as a variable in the
solar production equation [26], [19], [22]. However, others have carried out their
results by fixing the efficiency of solar panels also achieving competent results
[20], [27], [28].

Similarly to energy storage, solar panel costs differ by aspects like manufacturer
or region among others. A recent report from the Lawrence Berkeley National
Laboratory, a department of Energy managed by University of California, has
researched about the solar installation costs variations from different regions
in USA [6] with a national median price around 1,6$/W installed. Figure 2.6
displays some of these values in a bar plot. On the other hand, some research
papers as [20] and [28] set a installation cost of 1,4$/W and 1,2$/W respectively,
whereas studies as [27] decided to establish a range from 1,01$/W to 1,84$/W
in their sizing models instead.

Figure 2.6: Median Installed PV Price by Region in 2018 in USA [6]

As this research focuses for consumers located in Spain, which is considered as
a warm country and by knowing the huge impact that high temperatures have
over solar cells, the modelling of this study considers a monocrystalline panel,
whose features are described in the modelling section. However, temperature is
not considered for the analysis. Instead, a fixed efficiency for the solar panels is
assumed. In terms of costs, the average price in Spain varies from 0,9e/W to
1,45e/W according to [29] and [30]. Considering previous papers and reports
assumptions a cost of 1,2e/W is assumed for the modelling in this thesis.
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2.6 Optimal sizing
Optimal sizing is a topic widely researched in the energy sector with several
applications, not only in coupling energy storage with PV for residential appli-
cations, as this thesis does, but also in large-scale projects with other coupling
combinations (PV-battery-wind, PV-battery-diesel) [31] [32] [33].

Studies about optimal sizing has been handle mainly with a technical and a eco-
nomical approach, which is usually taken as separate aim. An analysis assessing
the best-suited battery technology depending on size in combination with PV
was proposed in [21] to check the impact of on self-consumption, demand load-
shifting and avoidance of PV curtailment while considering economic factors of
electricity prices. The study in [27] presents a technical and an economical study
of PV and energy storage sizing in five Australian apartment buildings. The
study shows the benefits of applying shared energy storage and solar generation
for peak shaving, self-consumption, and peak demand by comparing financial
costs and electricity bills with different grid tariffs. Optimal PV size combined
with storage and energy demand in residential buildings rooftops was obtained
in [34] to maximize self-sufficient and to reduce the net load variance without
considering economic impacts. [35] presents an optimal operation strategy and
sizing of a PV system and a energy storage able to reduce annual electricity
bills of a household taking into account investment costs. In [36], PV sizing
considering storage is analyzed based on cost optimization, regardless technical
perspective.

In order to size energy storage and PV systems, researchers usually choose to
size the PV first and then they proceed to optimally size the energy storage
[37], [38], [39]. This methodology normally brings low benefits economically
speaking. There are also some other studies as in [36], which decided to try a
different strategy by sizing the battery in first place.

It is clear that the sizing of PV and storage differs depending on the approach
given. On the one hand, if the approach is technical, a real overview of the most
efficient achievable results and decisions about sizing will be obtained, but this
often leads to non-profitable ideal situations. On the other hand, an economical
approach may be successful on achieving good results in terms of profit, but
its expansion is limited by physical boundaries. In this thesis, the sizing of PV
and battery systems is done from an economical perspective and unlike other
studies the sizing technique will be on the optimization program to decide which
technology should be sized first.
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2.7 Energy management
In order to achieve a reasonable reduction in the energy bill by sizing optimally
energy storage and PV, it is also necessary to develop optimal scheduling strate-
gies to efficiently manage and monitor generation, electricity consumption and
storage of a household, in order words, an optimal energy management.

Some researches have been dealing in the development of home energy manage-
ment systems (HEMS) [40] with several household appliances. Applications of
HEMS for devices with thermal storage is one the most hot research topics in
this field as [41] discuss. However, with the huge renewable penetration incom-
ing HEMS is starting to be applied to flexible appliances in previous years as
energy storage in [35] where a sizing and a scheduling of a battery is performed
in combination with PV systems, Plug-in Hybrid Electric Cars discuss in [42],
which optimally schedules an electric vehicle, an electric water heater and a
rooftop PV system in order to reduce daily household costs, or wind turbines
and solar panels as in [43].

The main aim of an energy management is to minimize electricity bill costs.
Usually, when HEMS is performed in a household one of the most common
optimization activities done in recent studies is load shifting, i.e. to schedule
high consumption devices in low-cost hours as presented in [44]. This thesis
implements HEMS to optimally schedule the operation of the energy storage
and PV systems that helps to reduce the electricity bill without considering
load shifting.
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2.8 Optimization and programming techniques
This section gives insight about the optimization methods used to face the prob-
lem established in the modelling section of this thesis. It also gives some insight
about the optimization techniques that previous works carried out.

When it comes to develop a sizing modelling that requires knowledge about
future prices, load demand and some other unpredictable data as the expected
solar production for the following years, it often leads to uncertainties. There-
fore, it is important to make accurate predictions in order to avoid oversizing.
Nowadays, there are already many different optimization algorithms methods
able to solve linear and non-linear sizing problems and perform predictions very
fast. The genetic algorithm [26], particle swarm optimization technique [45]
and mixed integer linear programming [34] are some of those algorithms used
in several researches among others.

Similarly to [46], this thesis deals with two different types of models in order to
determine the optimal size and scheduling strategy for PV and energy storage
systems to minimize electricity bills, one deterministic and one stochastic model.
A model is deterministic when the development of future states of a system are
not based on estimations, i.e. it will always produce the same output as all
variables from the initial state are known. On the other hand, in a stochastic
model there are random variables that vary generally with time, which means
the output of an stochastic model is determined by the estimation of variables
often based on probability distributions. Since future electricity consumption,
energy prices and solar radiation is unknown, an stochastic model is developed
to handle this uncertainty. On the contrary, the deterministic model is made
as a way to simulate a real case scenario whose main aim is to answer one of
the research questions proposed for this thesis, "How far are predictions from
reality?", by making a comparison with the stochastic model.

These two models are solved by linear programming where the objective func-
tions and the constraints are linear. The programming language used for this
research is Python. Python is an open source that works with packages that
help to expand the possibilities and functions of the desired model. Pyomo is
one of those packages and it was chosen to provide the optimization function as
a tool to solve the problem that this thesis sets out.

Some programming languages make use of a solver to solve their optimization
problems. Among all solvers, Gurobi Optimizer was used for solving the models
presented in the modelling section of this thesis. Gurobi is a commercial product
that allows to solve linear programming optimization problems. A license is
required to be able to work with Gurobi and in this case the academic license
was obtained [47].
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2.9 Economic planning principles
For an investment of any type it is necessary to carry out an economical analysis
in order to assess the costs and revenues of it in the long term. In this section
some of the basic economical terms used in this thesis are explained below
according to [48].

2.9.1 The Time Value of Money
The term "time value of money" is a concept stating that they money available
in the present is worth more than the same amount in a future, due to its
interest earning potential capacity. This fact has to be taken into account in
any economical planning, especially if it is based on a long term horizon. As
a consequence of the time value of money and as a way to interpret it, the
following concepts shows up.

• Present value and annuity. Present value is a concept used to convert
future costs and revenues to the present. On the contrary, annuity is used
to convert a fixed price in the present into an equivalent series of annual
amounts during the time horizon. The annuity equation is presented be-
low.

εn,r =
r

1− (1 + r)−n
(2.4)

, where

– n = number of years
– r = discount rate

• Project Lifetime and Analysis Time Horizon. Project lifetime is
the time period over which project costs occur. There are two types, the
technical lifetime and the economic lifetime.

– The technical lifetime. It is the total period of time over which a
component can technically perform its functions. In other words, the
total time that a machine or facility works before it must be replaced.

– The economic lifetime. It is the total period of time over which
a component is expected to be useful economically speaking. The
economic lifetime of a component could be different than its technical
lifetime, but never longer than it.

• Salvage value. The salvage value is the remaining value of an asset or
component when time horizon of the analysis is shorter than the lifetime
of the asset or component. One of the ways to take this value into account
is by linear depreciation. Equation 2.5 shows how the salvage value of an
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asset is calculated.

Ft =
n− t

n
· F0 (2.5)

,where

– F0= Asset’s initial costs

– Ft = Asset value at the end of the year t

– n = Assumed lifetime

• Net benefit. In every economic analysis of a project, where a project
means an upgrade or an implementation of an asset, the present value
of costs and benefits from both, the reference case and the project that
wants to be implemented, are considered. The net benefit is an economic
concept that represents the difference between those two present values.
When this difference is higher than zero, means in general terms that the
project is worth to invest in. The net benefit is defined below.

NB = Fref +Oref − (FP +OP ) (2.6)

,where

– Fref = Present value of the fixed costs of the reference case

– FP = Present value of the fixed costs of the project

– Oref = Present value of the operational costs of the reference case

– OP = Present value of the operational costs of the project
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3
Modelling

This chapter intends to give detailed explanation about the simulation setup
done for the creation of scenarios.

3.1 Problem definition
This thesis is based on an investment analysis to asses the optimal sizing of
solar panels and batteries that minimizes the domestic electricity bill under a
Spanish grid tariff. The abolition of the solar tax in 2019 could have opened
a new horizon in electricity self-consumption. This research aims to give an
objective review about the electricity self-consumption in Spanish households
with a range of power installed between 1kW and 10kW, where the big majority
of households are.

In order to carry out the analysis, three households with different electrical con-
sumption and power installed were selected from a municipality at the outskirts
of Madrid, named Boadilla del Monte. Each of them able to include batteries
and solar production. The optimization programs finds the optimal size of PV
and batteries, as well as the optimal way to control them, to minimize the total
annual electricity bill and the annual investment costs for each of the households.
The analysis is based on a 25 years investment period considering a discount
rate of 5%

The problem is faced with two different models, one deterministic and one
stochastic as described in section 4. As a consequence there are two objec-
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tive functions, which are described with detailed in 5.5.

The models were coded with Python with an extension package for the opti-
mization, called Pyomo and solved by Gurobi, a linear programming solver, on
a Dell Latitude E6230 computer with Intel Core i5-3340M at 2,7 GHz and 8GB
of RAM.

3.2 Model features
This section will give insight about the two different models performed in this
study and their main features.

3.2.1 Stochastic model
The stochastic model uses historical data from previous years to predict the
outcome of 2019. The optimization program seeks the best solution of each
decision on solar and battery size in each possible scenario of 2019. Then, it
applies the probability of occurrence of each scenario to find the most probable
and optimal solution that should be taken in order to minimize the bill.

It has been collected 5 years of solar radiation, 4 years of spot prices and 3 pos-
sible cyclical consumption profiles for each household. That makes 60 possible
scenarios. It was assumed each scenario has an equal probability of 1/60.

3.2.2 Deterministic model
Unlike the stochastic model, the deterministic model has perfect information
of 2019, meaning it does not have to make any predictions. Therefore, the
optimization program finds the best solution possible for the outcome of 2019.
The recreation of this scenario has the purpose to show the loss of profit due
to the presence of uncertainty by comparing its results with the ones of the
stochastic model.

3.3 Household modelling
This section will show the modelling for each of the households. The household
is designed as an entity connected to the power grid and it is based on an
energy balance, where the household is able not only to import, but also to
export energy to the grid. These energy imports and exports depend on the
activity of the appliances, the PV system and the battery, and on the energy
consumption. Equation 3.1 and equation 3.2 represent the energy balance in
the deterministic and stochastic model respectively for each of the households.
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Figure 3.1: Visualization of energy flow for a household with its appliances and
load consumption.

• Deterministic

P buy
t − P sell

t = P load
t + P ch

t − P dis
t − PPV prod

t (3.1)

• Stochastic

P buy
t,s − P sell

t,s = P load
t,s + P ch

t,s − P dis
t,s − PPV prod

t,s (3.2)

Where,

• P buy
t = Energy bought from the grid at time t

• P buy
t,s = Energy bought from the grid at time t in scenario s

• P sell
t = Energy sold to the grid at time t

• P sell
t,s = Energy sold to the grid at time t in scenario s

• P load
t = Energy consumption at time t

• P load
t,s = Energy consumption at time t in scenario s

• P ch
t = Battery charging power at time t

• P ch
t,s = Battery charging power at time t in scenario s

• P dis
t = Battery discharging power at time t

• P dis
t,s = Battery discharging power at time t in scenario s

• PPV prod
t,s = PV power production at time t in scenario s
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3.4 Modelling of Appliances
This section will give information about the main features and assumptions of
the two possible appliances present in the models, which are the solar panels
and the batteries.

3.4.1 PV system
PV systems generated in this model are composed of identical solar panels, in
particular by monocrystaline panels of 320W with an efficiency of 19%. These
panels have no limits in space, meaning that the algorithm finds the size of the
solar installation that minimizes the electricity bill regardless of the available
roof space.

Regarding costs, a 1,2e/W is assumed to represent the solar installation costs
in the simulations. On the other hand, the lifetime of the PV panels is assumed
to be 25 years, which means solar modules do not have to be replaced during
the analysis period.
Table 3.1 summarizes all the features and parameters mentioned.

Table 3.1: PV designed values

PV design parameters Value
Type Monocrystalline
Rated power (W/panel) 320
Efficiency (%) 19
Area (m2/panel) 1,6866
System capacity (kW) Variable
Installation costs (e/W) 1,2
Lifetime (years) 25

The PV production is simulated in the models by the following equations:

• Deterministic

PV prod
t = Qradt ·Apanel · Size

solar

PPV panel
· ηPV Panel (3.3)

• Stochastic

PV prod
t,s = Qradt,s ·Apanel · Size

solar

PPV panel
· ηPV Panel (3.4)

where,

• PV prod
t = PV production at time t

• PV prod
t,s = PV production at time t in scenario s
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• Qradt = Solar radiation at time t

• Qradt,s = Solar radiation at time t in scenario s

• Apanel = Solar panel area

• Sizesolar = Solar system size

• PPV panel = Power rated of solar panel

• ηPV Panel = Solar panel efficiency

3.4.2 Batteries
The batteries generated in this model are composed by lithium-ion batteries
with a round trip efficiency of 90%. The optimal capacity of the battery is
decided by the optimization program in kWh. On the other hand, the charg-
ing/discharging power has been set to a maximum allowable of 7 kW.

As stated in literature section, the lifetime of a lithium-ion battery is usually
between 11-15 years. For this thesis it has been assumed a battery lifetime of
15 years, which implies that the battery has to be replaced once and the new
battery will still have a value at the end of period for the analysis. This fact is
represented by the salvage value and the discounted value of the reinvestment
in the objective function.

Concerning costs, an initial price of 500e/kWh is assumed as a starting point
in the first simulations. Later on, this price is changed in order to perform a
sensitivity analysis and test out its influence over the investment.

Similarly to PV modelling, a table summarizing the main features and param-
eters for the battery simulation is provided below.

Table 3.2: Battery modelling parameters

Battery design parameters Value
Type Lithium-ion
Capacity (kWh) Variable
Round trip efficiency (%) 90
Maximum charge/discharge rate (kW) 7
Initial SOC (kWh) 0
Minimum SOC (kWh) 0
Installation costs (e/kWh) 500
Lifetime (years) 15

The battery behaviour is simulated in each of the models differently by the fol-
lowing equations and set of constrains:
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• Deterministic model

SOCt = SOCt−1 + bcht · ηch − bdist

ηdis
(3.5)

Equation 3.5 is only valid under the following conditions:

At t = 0, SOCt = SOCinitial

bcht < Pmax

bdist < Pmax

Pmax <= 7kW
Pmax <= Bcap

SOCmin < SOCt < Bcap

• Stochastic model

SOCt,s = SOCt−1,s + bcht,s · ηch −
bdist,s

ηdis
(3.6)

Equation 3.6 is only valid under the following conditions:

At t = 0, SOCt,s = SOCinitial

bcht,s < Pmax

bdist,s < Pmax

Pmax <= 7kW
Pmax <= Bcap

SOCmin < SOCt,s < Bcap

where,

• SOCt = Battery SOC at time t

• SOCt,s = Battery SOC at time t in scenario s

• SOCt−1 = Battery SOC at time t-1

• SOCt−1,s = Battery SOC at time t-1 in scenario s

• bcht = Battery charging power at time t

• bcht,s = Battery charging power at time t in scenario s

• bdist = Battery discharging power at time t
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• bdist,s = Battery discharging power at time t in scenario s

• ηch = Battery charging efficiency

• ηdis = Battery discharging efficiency

• SOCinitial = Battery initial SOC

• Pmax = Battery maximum charging power

• SOCmin = Battery minimum SOC

• Bcap = Battery capacity

3.5 Data sets
In this section, data used in the modelling of this research is presented.

3.5.1 Load data
As it was stated, the electrical load consumption of three different households
of the same municipality were obtained for the modelling. A small load (house-
hold 1), a medium-average load (household 2) and a high load (household 3),
each of them participating in the regulated market or PVPC. These electrical
loads are real data measured during the year 2019 and are necessary for two
main reasons. On the one hand, they are useful to illustrate a general idea of
the electrical consumption patterns of an average household in Spain. On the
other hand, they are useful to simulate the deterministic model and compare its
results with results from the stochastic model, which are based on predictions
that estimate the outcome of 2019.

2019 hourly load data plots from the three households are presented below to-
gether with their respective load duration curves and table 3.3 shows its main
features in terms of power and annual energy consumed.

Table 3.3: 2019 load profile features

Power installed Annual consumption
Load 1 4.4 kW 3192.05 kWh
Load 2 6 kW 9526.53 kWh
Load 3 10 kW 25332.72 kWh
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(a) (b)

(c)

Figure 3.2: Hourly electrical consumption and duration curve during 2019. (a),
(b) and (c) represents household 1, household 2 and household 3 respectively.

For this research, only real hourly load data from 2019 were possible to get, in
other words, the hourly consumption from past years is unknown. In order to
tackle this lack of data, it is assumed that the electrical consumption from each
household ranges ±10% over the years on a random basis. Normally, consumers
have a cyclical consumption profile over the years, meaning some years the con-
sumption is a bit higher and in some others a bit less.

Therefore, in order to replicate this behaviour, two additional load consumption
scenarios were created for each of the households, a higher one and a smaller
one, based on the real one. Firstly, 10% of the total annual consumption of 2019
was computed for each of the households. Then, this amount was divided by
8760h in order to obtain the equivalent of that ten percent per hour. Finally,
this amount per hour was summed and subtracted to each hour of the 2019
consumption to obtain the two additional scenarios. This way, each household
of the model has the possibility to adopt three different load scenarios with the
same probability of occurrence for the next year. Table 3.4 and graph 3.3 gives
an example of these assumptions taken for a better understanding.
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Table 3.4: Data used to create additional load profiles for each household

Household 2019 total consumption 10 % Inc./Dec. per hour
Household 1 3192 kWh 319.2 kWh ± 0.036 kWh/h
Household 2 9526.53 kWh 952.65 kWh ± 0.11 kWh/h
Household 3 25332.72 kWh 2533.28 kWh ± 0.29 kWh/h

Figure 3.3: Possible load scenarios of household 1 during a regular day of May

3.5.2 Spot price
The term spot price in electricity indicates the current price of electricity in
the market. Usually, its price comes apart from the grid tariff,but in the case
of Spain, especially for consumers in the regulated market, the grid tariff is
included in the spot price. As it was explained in previous sections, the grid
tariff used in this research is the 2.0 DHA, which has two discrimination periods.
Electricity prices vary over the years and thus, historical data from spot prices
were collected from the system operator webpage [2], in particular from 2015
to 2019 inclusive. The years between 2015 to 2018 were used to estimate the
spot prices of 2019 in the stochastic model. On the other hand, 2019 spot prices
were used in the deterministic model.

3.5.3 Buyback price
This thesis uses the name "buyback price" to refer to the price for exporting
domestic energy surplus into the grid, in other words, the amount in euros that
an individual consumer gets for selling his excess of energy produced to the
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electric companies. Just like electricity price fluctuates over the year, so does
the buyback price.

This option of selling the excess of domestic energy to the electric companies
was not possible in Spain until 2019 due to the law and regulations that existed
before. Therefore, only real buybuck prices from 2019 are known. According to
the system operator, REE [2], these prices can never get higher than the spot
price, where the grid tariff is also included. Since this model contains historical
data from the spot prices and not from the buyback, the algorithm might have
inconsistencies when optimizing in case of using 2019 buyback prices as buyback
prices for previous years, as there may be situations where the buyback price
could get higher than the spot price.

In order to avoid optimization issues, it was assumed a fixed buyback price of
0.04e/kWh for the stochastic model, which never surpasses the spot price in
any of the data used for the simulation and it represents the average buyback
price of 2019.

3.5.4 Solar radiation
The energy that a solar panel produces depends on the solar radiation. Solar
energy is a non controllable source of power due to weather uncertainty and
due to the fact that the sun is not always sunning. However, in order to reduce
this uncertainty, historical data of solar radiation for Boadilla del Monte is
collected from 2014 to 2018 for the stochastic model [49]. Figure 3.4 shows the
solar radiation for one day of may in different years, from where it can be seen
that solar radiation varies across days within a year. Therefore, the algorithm
establishes that the hourly radiation of 2019 is a random variable whose value
is estimated by the probabilities and tendencies from historical data. All years
are considered with the same probability of occurrence.
For the deterministic model, real solar radiation data from 2019 were collected.
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Figure 3.4: Hourly solar radiation during a day of May, Boadilla del Monte,
Madrid

3.6 Objective function
The objective function seeks to minimize the annual electricity bill and the
annual investment costs by choosing the optimal size of batteries and PV. In
other words, the objective function is composed by two terms, the net costs
for buying and selling energy and the corresponding annuity for the investment
of the batteries and solar panels. As the power installed and the taxes costs
are considered fixed prices that depend on the household electric installation,
the resultant cost for the energy sold and bought is the only variable cost that
determines how the electricity bill will look like at the end. Thus, the reason
why the power installed and taxes are not included in the objective although
they are illustrated in the results.

There are two objective functions build up for the simulations, one for the
deterministic model and the other one for the stochastic model.

1. Objective function for the deterministic model
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min
∑
t

(eimp
t · Cspot

t )−
∑
t

(eextt · Cbuyback
t ) + Sizesolar · psolar ·Annn,r

+Sizebatt · pbatt ·Annn,r · (1 + (1 + r)−n − 2n−N

n
· (1 + r)−N )

(3.7)

where,

• eimp
t = Grid import in time t [kWh/h]

• eextt = Grid export in time t [kWh/h]
• Cbuyback

t = Selling price in time t [kWh/h]
• Cspot

t = Spot price + grid tariff price in time t [e/kWh]
• Sizesolar = Optimal size of the PV system
• Sizebatt = Optimal battery size
• psolar = Price per W of solar panel installed
• pbatt = Price per kWh of battery capacity
• Annn,r = Annuity term given by equation 2.4
• r = Discount rate
• n = Battery lifetime
• N = Analysis time period
• (1 + r)−n = Represents the discounted value of the battery reinvest-

ment
• 2n−N

n · (1 + r)−N = Represents the battery savage value

2. Objective function for the stochastic model

min
∑
t

∑
s

πs · (eimp
t,s · Cspot

t,s )−
∑
t

∑
s

πs · (eextt,s · Cbuyback
t )

+Sizesolar · psolar ·Annn,r

+Sizebatt · pbatt ·Annn,r · (1 + (1 + r)−n − 2n−N

n
· (1 + r)−N )

(3.8)

where,

• πs = Scenario probability
• eimp

t,s = Grid import in scenario s during time t [kWh/h]
• eextt = Grid export in scenario s during time t [kWh/h]
• Cbuyback

t = Selling price in time t[kWh/h]
• Cspot

t = Spot price + grid tariff price in scenario s during time
t[e/kWh]
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3.7 Case Scenarios
This section presents the three case studies developed in this thesis.

3.7.1 No Appliances case
It is considered the reference case, where the annual consumption and costs
that consumer pays without making any investment are reflected. It is named
reference case because it is useful to compare and asses the impact of the cases
where the investment is carried out.

3.7.2 Investment based on predictions with historical data
This case-scenario is focused on the stochastic model shown before, which pre-
tends to find the closest decision to the ideal one in terms of PV and battery
sizing based on historical data. Data from 2014 to 2018 are used to predict the
outcome of 2019.

3.7.3 Investment when there is a perfect knowledge of
data

In order to check the accuracy of the predictions made in case scenario 2, this
case scenario is based on an ideal case where the investment is done under a
perfect knowledge of the unknown data during 2019. This way, the optimization
algorithm finds the best solution possible that minimizes the electricity bill from
2019, and at the same time, it is useful to check how far the predictions made
in the previous scenario are from reality. Unlike case scenario 2, this case is a
product of the deterministic model presented above.
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Results

This chapters presents the results obtained from the simulation models and from
the sensitivity analysis in the form of tables and 3D-plots.

4.1 Optimal size assessment
This section contains tables where the optimal size of solar panels and batteries
are displayed for each of the households in the different case scenarios. It also
includes the total cost of the investment taken and the annual investment costs,
i.e. the annual cost as a result of dividing the investment in a series of equal
payments during 25 years.

Table 4.1: Optimal size for household 1

Scenario Case scenario 2 Case scenario 3
Battery size (kWh) 0 0
Solar system size (kW) 3,65 1,33

Table 4.2: Optimal size for household 2

Scenario Case scenario 2 Case scenario 3
Battery size (kWh) 0 0
Solar system size (kW) 4,43 6,16
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Table 4.3: Optimal size for household 3

Scenario Case scenario 2 Case scenario 3
Battery size (kWh) 0 0
Solar system size (kW) 11,2 11,16

4.2 Break-up of costs
This section shows in tables 4.4, 4.5 and 4.6 the break-up of annual costs for
each household in the different scenarios, which is summarize for a better look
in figure 4.1. The break-up of prices is divided into 4 terms explained below.

• Electricity price. It represents the annual costs for the energy consumed
of the household. When this term gets negative numbers it means the
household has covered its whole electricity costs and received additional
income for selling energy.

• Bill before taxes. It is the sum of the electricity price plus the price paid
for the power installed of the household annually without taxes.

• Bill after taxes. It represent the total electricity bill that the household
owner will pay annually after applying taxes.

• Total annual costs. It is the sum of the last term mentioned and the price
the household owner has to pay for the annual investment costs during 25
years.

Table 4.4: Break up of prices for Load 1

Scenario Case scenario 1 Case scenario 2 Case scenario 3
Electricity price 292,69e 156,61e -70,47e
Bill before taxes 505,96e 369,88e 213,28e
Bill after taxes 655,28e 482,20e 283,02e
Total annual costs 655,28e 595,55e 523,36e

Table 4.5: Break up of prices for Load 2

Scenario Case scenario 1 Case scenario 2 Case scenario 3
Electricity price 889,62e 436,49e 197,95e
Bill before taxes 1180,45e 727,33e 488,78e
Bill after taxes 1513,13e 936,82e 633,43e
Total annual costs 1513,13e 1.314,07e 1.158,14e
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Table 4.6: Break up of prices for Load 3

Scenario Case scenario 1 Case scenario 2 Case scenario 3
Electricity price 2.385,78e 1.153,46e 979,72e
Bill before taxes 2.870,50e 1.638,18e 1.464,44e
Bill after taxes 3.662,64e 2.095,31e 1.874,33e
Total annual costs 3.662,64e 3.049,35e 2.824,19e

Figure 4.1 illustrates in a float chart a comparison of the total annual costs be-
tween scenarios and between households and figure 4.2 shows in percentage the
impact of the investment on the total annual costs. The reduction in percent-
age is done with respect to the reference case (scenario 1). Table 4.7 displays
the expected total savings that each household will make after 25 years when
considering the annual costs from case scenario 2.

Figure 4.1: Total annual cost comparison

Table 4.7: Total expected savings after 25 years for each household when fore-
casting

Households Total expected savings
H1 1.493,25e
H2 4.976,5e
H3 15.332,25e
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Figure 4.2: Reduction in percentage of the total annual costs for each scenario
and for each household

4.3 Sensitivity Analysis
A sensitivity analysis based on the battery price is done in this section for
the two models simulated. The first three 3D-plots represent the deterministic
model and the three next ones the stochastic. At the end, there is a table
summarizing the battery threshold cost at which changes occur. The aim is to
see the influence that battery prices have over the investment decisions and their
impact over the total annual costs that answer some of the research questions.
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Figure 4.3: Optimal battery capacity when battery prices change based on a
deterministic model

Figure 4.4: Optimal solar system size when battery prices change based on a
deterministic model
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Figure 4.5: Annual total costs when battery prices change based on a determin-
istic model

Figure 4.6: Optimal battery capacity when battery prices change based on a
stochastic model
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Figure 4.7: Optimal solar system size when battery prices change based on a
stochastic model

Figure 4.8: Annual total costs when battery prices change based on a stochastic
model
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Table 4.8: Battery cost threshold at which optimal sizing changes based on
previous 3D-plots

Term Households Deterministic model Stochastic model

Battery
investment at

H3 350e/kWh 400e/kWh
H2 300e/kWh 350e/kWh
H1 250e/kWh 250e/kWh

Increase PV
system size at

H3 300e/kWh None
H2 250e/kWh None
H1 None None

Total annual
cost reduction
at

H3 250e/kWh 250e/kWh
H2 None None
H1 None None
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5
Discussion

5.1 Discussion of results
Results from tables 4.1, 4.2 and 4.3 show that for a battery price of 500e/kWh
the optimization program decides to invest only in solar panels in order to reduce
the electricity bill in each of the cases, i.e. PV systems are more cost-effective
than batteries in Spain. This is reasonable since Spain have a very good geo-
graphical location in terms of solar radiation and PV costs are relatively more
economical than batteries considering the longer useful lifetime. In terms of
dimensions, the larger the power installed and the energy consumed of a house-
hold the larger the size of the PV system as it was expected. While a small
household needs between 3,65 kW to 1,33 kW of PV installation to face its con-
sumption and reduce its bill costs, a big household needs between 11,2 kW and
11,16 kW.

Regarding the accuracy of predictions from case 2 with respect case 3, almost
a perfect prediction in terms of size was only achieved for household 3 with
the stochastic model, whereas for households 1 and 2 the difference in PV size
was approximately 2kW down and up respectively, which is the equivalent of
installing between 6 to 7 solar panels of 320W each, more or less. This might
means that the higher the consumption of a house the less is the sizing impact
from uncertainty over the years.

Figure 4.1 shows that all households manage to get yearly savings by investing
in PV in comparison with the annual electricity bill costs when no investment
is carried out. Despite this, the investment in energy appliances to reduce the
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electricity bill has different influence depending on the household energy con-
sumption. While household 1 is expected to get only 1.493,25e savings after
25 years under a stochastic approach, household 2 and 3 savings are expected
to be 4.976,5e and 15.332,25e respectively, as table 4.7 displayed. However,
at the end, they all manage to achieve more than 20% reduction for the best
case scenario in terms of proportion as it can be seen from figure 4.2. On the
other hand, considered as a good approach in this thesis, shows that under un-
certainty the annual cost reduction ranges from 9,12% to almost a 17%, which
means each household experiences around 10% more expensive annual costs and
less savings with respect to the ideal case when forecasting, in general terms.

Results from figures 4.3 and 4.6 shows that while battery prices are above 350e
in the deterministic model and above 400e in the stochastic, it is not cost-
effective to invest on a battery in any of the households. Nevertheless, once
battery prices are below those values, household 2 and household 3 are the only
ones where a battery might be worth to invest in to maximize savings when
battery prices go down, since household 1 shows very a small battery size even
when battery prices are the cheapest.

Regarding the influence of battery prices over PV size, it really depends on the
accuracy of predictions. Results displayed in figure 4.4 show that household 2
and 3 decide to invest in more PV size in order to maximize savings when there
is a perfect knowledge of data and battery prices reach 300e/kWh, whereas in
figure 4.7 households decide not to invest in PV size at all even though battery
prices go down when the optimization is based on predictions.

In general terms, total annual costs are not very sensitive to a reduction in
battery prices as figures 4.5 and 4.8 illustrate. Even though a battery implies
an storage to save the solar energy and use it when is most convenient, which
is translated into a higher reduction in electricity prices, at the end the invest-
ment costs are also higher, since one extra energy resource has to be considered.
However, some considerable reduction can be appreciated in household 3 when
battery costs reach 250e/kWh, which gives to think that batteries start to be
efficiency when dealing with households or buildings with high energy consump-
tion.

5.2 Further work
This section will discuss possible aspects that might have changed the outcome
of this thesis as well as future work related with the study presented in this
research.

Only real data from 2019 was obtained for the energy consumption of the house-
holds, while information about other sources as solar radiation or spot prices
were collected from several years. This gives a limitation to predict a most
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accurate trend for the possible future energy consumption fluctuations, which
might influence results to some extent, since they are projected over a 25 years
investment.

As it was mentioned in the modelling section, this thesis do not consider a phys-
ical boundaries for the PV system installation, it only focuses on the total size
of the installation that minimizes the electricity bill. This might be a reason
why the optimization program decides to invest in PV mainly. Probably, if some
limitations in space for the PV systems were considered, batteries would have
gained importance.

Since this thesis is based on a 25 years investment, prices and savings may vary
in a future from the ones estimated here, especially because the electrical con-
sumption increases over the years as the world electrification grows. This may
change predictions completely. However, nowadays there are more and more
research about the so-called term machine learning, which consist on develop-
ing algorithms that let computers learn by themselves in general terms. This
might be implemented in order to predict with higher accuracy this continuous
increment of the energy consumption, which is suggested as future work for this
thesis.
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6
Conclusion

In this chapter, conclusions from the results and discussion part are discussed
and research questions answered.

This thesis has focused in an investment analysis over 25 years to find the op-
timal sizing of PV systems and batteries that minimize the electricity bill in
residential buildings of Spain. Big data collection about solar radiation, elec-
tricity prices and electrical consumptions have been used in order to estimate
their future tendencies, so dimensioning can be size accordingly. Through a
stochastic optimization, annual costs for three different households have been
obtained including in them the electricity bill and the equivalent investment
costs. The results obtained have been compared with a reference case, where
the annual costs corresponding with no making any investment are represented,
and with a deterministic model, which represented the most ideal results possi-
ble to obtain in case a perfect knowledge of all variables from 2019 were known.
Finally, a sensitivity analysis was carried out in order to assess how dimension-
ing would be affected when battery costs go down. All this work enables to
answer the research questions described at the beginning of this thesis, which
are shown below.
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The research questions are:

• Is it cost-effective to invest in PV and energy storage technolo-
gies in order to reduce the domestic electricity bill for households
of the low voltage Spanish grid under a TOU tariff after the abo-
lition of the so-called "Impuesto al sol" law? What optimal size
minimizes the domestic electricity bill? And how big is this bill
reduction in comparison with no making any investment? How
much savings will house owners make?

At the moment, It is only cost-effective to invest in PV systems rather
than in a energy storage. Batteries are still expensive and the geographi-
cal location of Spain makes PV systems good candidates to minimize the
bill. However, results have shown that for households with large energy
consumption a battery investment might be reasonable to invest in when
battery prices go down.

The optimal size varies depending on the household energy consumption.
For households with low energy consumption the optimal PV installation
size ranges between 1,33 kW and 3,65 kW, for medium energy consumption
between 4,43 kW and 6,16 kW and for large energy consumption around
11,2 kW. Investing in PV systems might bring up to 23% annual bill
reduction in the best case scenario and savings from 1.500e up to 15.300e
after 25 years.

• Usually, an investment analysis is carried out based on predic-
tions about the future. How far would sizing predictions differ
from the actual real ones that minimizes costs the most?

When predictions are performed under a stochastic linear programming
approach, around 10% more expensive annual costs and less savings are
experienced. However, It has also been seen that predictions becomes more
accurate when forecasting for higher energy consumption households, i.e.
the higher the consumption the less error in predictions.

• How energy storage prices influence the investment decisions?
What impacts does it has over the domestic electricity bill?

When battery prices go down some investment in energy storage shows up,
while PV systems remains barely affected by this change in terms of size.
However, this investment in energy storage do not make a considerable
reduction in the electricity bill at the end, only in households with a high
energy consumption a noticeable reduction is achieved.

49



Bibliography

[1] BloombergNEF. https://about.bnef.com/blog/battery-pack-prices-fall-as-
market-ramps-up-with-market-average-at-156-kwh-in-2019/, 12 2019.

[2] Red Eléctrica de España. https://www.ree.es/es.

[3] Energía y Sociedad. Distribución. http://www.energiaysociedad.es/manenergia/4-
3-distribucion/.

[4] chc energía. https://www.chcenergia.es/en/offers-and-electricity-
rates/time-of-day-rates/.

[5] Wesley Cole and A. Will Frazier. Cost Projections for Utility-Scale Battery
Storage. National Renewable Energy Laboratory.

[6] Dana Robson Mark Bolinger, Joachim Seel. Utility Scale Solar. Empirical
Trends in Project Technology, Cost, Performance, and PPA Pricing in the
United States . Berkeley lab, 2018.

[7] Spanish Government. Factura eléctrica.
http://www.controlastuenergia.gob.es/factura-
electrica/factura/paginas/conceptos-factura.aspx.

[8] Greenmatch. How much does a solar battery storage system
cost? https://www.greenmatch.co.uk/blog/2018/07/solar-battery-
storage-system-cost.

[9] Gambhir A Staffell I. Schmidt O, Hawkes A. The future cost of electrical
energy storage based on experience rates. Research Gate, 2017.

[10] Husain I Fajri P. Hafiz F, Lubkeman D. Energy storage management strat-
egy based on dynamic programming and optimal sizing of PV panel-storage
capacity for a residential system. IEEE transmission and distribution con-
ference and exposition, 2018.

[11] Eurostat. https://ec.europa.eu/eurostat/documents/2995521/6849826/8-
27052015-AP-EN.pdf/4f9f295f-bb31-4962-a7a9-b6c4365a5deb.

[12] EurObserv’er. https://www.eurobserv-er.org/photovoltaic-barometer-
2020/, 2019.

50



51 BIBLIOGRAPHY

[13] Spanish Government. https://www.boe.es/boe/dias/2018/10/06/pdfs/BOE-
A-2018-13593.pdf, 2018.

[14] Christopher M.Kellett Elizabeth L.Ratnam, Steven R.Weller. An
optimization-based approach to scheduling residential battery storage with
solar PV: Assesing customer benefit. Elsevier.

[15] Prashant Shenoy Aditya Mishra, David Irwin and Jim Kurose.
SmartCharge: Cutting the Electricity Bill in Smart Homes with Energy
Storage. Elsevier.

[16] Endesa. Pvpc. https://www.endesa.com/es/conoce-la-energia/energia-y-
mas/pvpc-precio-voluntario-pequeno-consumidor.

[17] Spanish Government. Boletín oficial del estado. https://www.boe.es/.

[18] Podo. Tarifas de acceso a la red eléctrica.
https://www.mipodo.com/blog/ahorro/tarifas-acceso-red-
electrica/peajesacceso.

[19] Pietro Elia Campana Yohei Yamaguchi Yanjun Dai Yijie Zhang, Tao Ma.
A techno-economic sizing method for grid-connected household photovoltaic
battery systems. Elsevier, 2020.

[20] Hongxing Yang Yutong Li a Liu, Xi Chen. Energy storage and manage-
ment system design optimization for a photovoltaic integrated low-energy
building. Elsevier, 2020.

[21] M.C. Gonzalez M.K. Patela D. Parra A. Pena-Belloa, E. Barbour. Op-
timized PV-coupled battery systems for combining applications: Impact of
battery technology and geography. Elsevier, 2019.

[22] Ali Ahmadian Ali Elkamel Saeed Zeynali, Naghi Rostami. Two-stage
stochastic home energy management strategy considering electric vehicle
and battery energy storage system: An ANN-based scenario generation
methodology. Elsevier, 2020.

[23] Jorge Segarra-Tamarit Emilio Pérez Pablo Ayuso, Hector Beltran. Op-
timized profitability of LFP and NMC Li-ion batteries in residential PV
applicationss. Elsevier, 2020.

[24] Leiny Ordoñez A. Lisbeth Martínez O. Ángela Aguirre L., Diego Hernán-
dez B. Comparación de eficiencias de conversión de energía en celdas foto-
voltaicas de silicio monocristalino, policristalino y amorfo paramediciones
meteorológicas de la ciudad Santiago de Cali. Universidad Santiago de Cali.

[25] Raúl Germán Cordero. ¿tipos de placas solares? https://www.sfe-
solar.com/paneles-solares/tipos/.

51



52 BIBLIOGRAPHY

[26] Yuling Tang Shirong Zhang. Optimal schedule of grid-connected residential
PV generation systems with battery storages under time-of-use and step
tariffs. Elsevier, 2019.

[27] Iain MacGill Mike B. Roberts, Anna Bruce. Impact of shared battery en-
ergy storage systems on photovoltaic selfconsumption and electricity bills
in apartment buildings. Elsevier, 2019.

[28] Duncan Callaway Will Gormana, Stephen Jarvis. Should I Stay Or Should
I Go? The importance of electricity rate design for household defection
from the power grid. Elsevier, 2020.

[29] EsEnergía. El precio de las placas solares. Webpage, 2018.
URL:https://esenergia.es/precio-placas-solares/.

[30] SotySolar. Precio instalación placas solares. Webpage, 2018.
https://sotysolar.es/placas-solares/instalacion/precio.

[31] Wesley Cole and A. Will Frazier. Borowy BS, Salameh ZM. Methodology
for optimally sizing the combination of a battery bank and PV array in a
wind/PV hybrid system. IEEE Trans Energy Convers, 2019.

[32] Bieri M Gandhi O Reindl T Panda SK Rodríguez-Gallegos CD, Rah-
bar K. Optimal PV and storage sizing for PV-battery-diesel hybrid systems.
IECON 2016 – 42nd annual conference of the IEEE industrial electronics
society, 2016.

[33] Lu L. Ma T, Yang H. A feasibility study of a stand-alone hybrid solar-wind-
battery system for a remote island. Appl Energy, 2014.

[34] M.C. Brito S. Freitasa, C. Reinhart. Minimizing storage needs for large
scale photovoltaics in the urban environment. Elsevier, 2018.

[35] Hedayat Saboori Reza Hemmati. Stochastic optimal battery storage sizing
and scheduling in home energy management systems equipped with solar
photovoltaic panels. Elsevier, 2017.

[36] Pertti Järventausta Juha Koskela, Antti Rautiainen. Using electrical energy
storage in residential buildings – Sizing of battery and photovoltaic panels
based on electricity cost optimization. Elsevier, 2019.

[37] Musolino V Ballif C. Barcellona S, Piegari L. Economic viability for resi-
dential battery storage systems in grid-connected PV plants. IEEE explore,
2018.

[38] Nayak MR Nayak CK. Optimal battery energy storage sizing for grid con-
nected PV system using IHSA. SCOPES, 2016.

[39] Huard G Bruckner T. Beck T, Kondziella H. Assessing the influence of the
temporal resolution of electrical load and PV generation profiles on self-
consumption and sizing of PV-battery systems. Elsevier, 2016.

52



53 BIBLIOGRAPHY

[40] Ka Wing Chan Yijia Cao Yonghong Kuang Xi Liu Xiong Wang
Bin Zhou, Wentao Li. Smart home energy management systems: Con-
cept,configurations, and scheduling strategies. Elsevier, 2016.

[41] Momeni A. Errouissi R. Diduch C.P. Kaye M.E. Liuchen Chang Prof
Xiong Wang Shad, M. Identification and Estimation for Electric Water
Heaters in Direct Load Control Programs. IEEE Xplore, 2017.

[42] Omid Abrishambafa Rui Castrob Zita Vale Mohammad Ali Fo-
touhi Ghazvinia, João Soaresa. Demand response implementation in smart
households. Elsevier, 2017.

[43] Md. Nasimul Islam Maruf Izaz Zunnurain. Automated demand response
strategies using home energy management system in a RES-based smart
grid. IEEE Xplore, 2017.

[44] Chengzong Pang Amin Mohsenzadeh. Two stage residential energy man-
agement under distribution locational marginal pricing. Elsevier, 2018.

[45] O. Nadjemi F. Fodhil, A. Hamidat. Potential, optimization and sensitivity
analysis of photovoltaic-diesel-battery hybrid energy system for rural elec-
trification in Algeria. Elsevier, 2019.

[46] Hrvoje Pandžic. Optimal battery energy storage investment in buildings.
Elsevier, 2018.

[47] Gurobi Optimization. https://www.gurobi.com/.

[48] Magnus Korpås hans H.Faanes, Gerard Doorman and Martin N.Hjemeland.
Energy Systems Planning and Operation, NTNU. 2016.

[49] Solcast API Toolkit. Solar radiation data. Webpage. URL:
https://toolkit.solcast.com.au/.

53



N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Fa

cu
lty

 o
f E

ng
in

ee
rin

g
D

ep
ar

tm
en

t o
f E

le
ct

ric
 P

ow
er

 E
ng

in
ee

rin
g

M
as

te
r’s

 th
es

is

Adrián Cruz Castro

Investment Analysis for Residential
Storage and PV Systems under Spanish
Grid Tariffs

Master’s thesis in Electric Power Engineering

Supervisor: Jayaprakash Rajasekharan

June 2020


	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	Abbreviations
	Introduction
	Background
	Motivation and scope
	Problem definition
	Outline

	Literature review
	The Spanish Electric System
	Generation
	Transport
	Distribution
	Commercialization

	Types of Markets in Spain
	PVPC or Regulated Market
	Free Market

	Electricity bill in Spain
	Low voltage electricity access rates
	Energy storage and PV systems
	Batteries
	Solar panels

	Optimal sizing
	Energy management
	Optimization and programming techniques
	Economic planning principles
	The Time Value of Money


	Modelling
	Problem definition
	Model features
	Stochastic model
	Deterministic model

	Household modelling
	Modelling of Appliances
	PV system
	Batteries

	Data sets
	Load data
	Spot price
	Buyback price
	Solar radiation

	Objective function
	Case Scenarios
	No Appliances case
	Investment based on predictions with historical data
	Investment when there is a perfect knowledge of data


	Results
	Optimal size assessment
	Break-up of costs
	Sensitivity Analysis

	Discussion
	Discussion of results
	Further work

	Conclusion

