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Abstract—In the present thesis, a study and presentation of topics 

such as self-consumption, photovoltaic solar energy and its 

potential will be elaborated, as well as an in-depth description of 

self-consumption systems, photovoltaic generation systems and 

storage systems, plus a framework of legislation regarding 

decentralized power generation activity of electricity. Due to 

energetic needs, photovoltaic systems have been gaining growing 

importance in the electric sector, and self-consumption is 

fundamental for their implementation. This creates an 

opportunity of a reduction of electricity bill and a lower 

dependence on utility. The crucial point in the implementation of 

a self-consumption system is the maximization of self-consumption 

and the minimization of the excess energy produced. For this, it is 

necessary to implement generation and consumption monitoring 

solutions that allow an active load management. Through these 

systems, at a time when photovoltaic generation is superior to 

consumption, it is possible to automate the turning on of domestic 

appliances, such as washing machine, electric water heater and air 

conditioning, avoiding energy injection into the grid. The use of 

batteries for energy excess storage is also an aspect to consider. In 

this sense, the smart residential self-consumption algorithm is 

developed, which shifts the loads previously defined by the user 

according to load restrictions, minimizing energy consumption 

from grid without compromising the well-being of the consumers. 

Subsequently, several scenarios are elaborated, and simulations 

are performed to obtain results for comparison purposes. An 

economic analysis is carried out to assess the extent to which the 

installation of a self-consumption system at home is viable or not, 

with and without the integration of the develop algorithm.  

 

Keywords—Self-consumption, Residential, Smart, Distributed 

Power Generation, Solar Energy. 

I.  INTRODUCTION 

Our way of life and the development of its economy are 
related to access to electricity at an affordable price. Given the 
impact of energy on our personal well-being and the economy 
as a whole, as water suppliers have quality standards to ensure 
the provision of services at a high price, developing 
infrastructures that ensure the sustainable supply of a medium 
and long term. However, energy companies and utility face 
several short-term challenges, which are forcing a 
transformation of their business models [1]. As part of this 
process, solutions must be found to: 

• Integrate multiple sources of energy efficiently 

from renewable sources (such as wind and solar) 

generated by micro-grids and other forms of 

decentralized power generation to reduce carbon 

emissions; 

• Develop new technologies that allow the 

management and optimization of energy systems, 

especially in the generation of renewable energy, 

decentralized generation, energy storage, electric 

vehicles and demand management systems 

(DMS); 

• Adopt large-scale information and 

communications technologies (ICT) and Internet 

of Things (IoT) technologies to improve service 

effectiveness and efficiency; 

• Provide and develop plans for policy, regulatory 

and climate change, as some of these are already 

under way; 

• Implement and develop smart grids; 

• Deploy intelligent stand-alone agents (such as 

smart meters) or intelligent software agents that 

enable management, scheduling and control of 

electricity consumption, minimizing inefficient 

use and maximizing consumer savings. 
 

A safe and reliable power system requires a grid with an 

appropriate infrastructure that must be renewed and maintained 

efficiently. The implementation of intelligent technologies in 

the grid allows improvements in the functioning of this 

infrastructure, optimizing energy efficiency and supporting the 

development of new energy models based on decentralized 

power generation. Consequently, many operators of the 

electricity transmission and distribution network will have to 

upgrade the grid infrastructures and the monitoring, control and 

operation technologies to face these new challenges. The 

adoption of intelligent technologies in the grid, which are 

currently being implemented, will be the main stimulus that 

energy companies will use to address most of these challenges. 

The major concern with environmental protection, namely the 

reduction of CO2 emissions, is one of the factors of great 

relevance for all these changes. 

These main challenges in the energy sector are being 

intensified by the increase in energy consumption, which has 

doubled in the last 20 years [2]. Some of the main causes of this 

upward trend are climate change, increasing world population 

and economic factors [3]. 

Currently, deployed power grids serving residential and 

commercial buildings as well as industrial loads are old, 

inefficient, and monitor information only from the operations 

side. Therefore, the reliability and safety of the electrical grid 

to handle a high energy demand is questionable. The alternative 

solution to counter the old architecture of the grid and solve the 

problems of energy management is a new intelligent approach 

that aims to reduce carbon emissions, energy cost and ensure its 

safe supply [4]. In this context, the world's leading energy 

suppliers (Siemens, Samsung, Philips, General Electric, etc.) 

are engaged in the development of intelligent and more efficient 
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systems, including sustainable and decentralized power 

generation, lossless transmission, intelligent distribution, 

storage and efficient use. For example, the Siemens 

environmental report showed a reduction of 428 million tonnes 

of CO2 by 2014, which helped reduce energy costs and 

increased productivity [5]. 

Increasingly, energy systems are defined by the increasing 

use of ICT in the generation, distribution and consumption of 

electricity. Due to the use of these technologies, grid 

components are monitored, controlled and managed smartly, 

allowing the automation of their operations, greater interaction 

between companies and their customers, and helping to manage 

decentralized power generation and energy storage. Smart grids 

make energy systems more sustainable, reliable, secure and 

efficient, both energy and economic. 

The paper is organised in folowing order: Section I – 
Introduction; Section II – Self-consumption and state-of-the-art; 
Section III – Methodology; Section IV – Results analysis; 
Section V – Conclusion and future work. 

II. SELF-CONSUMPTION AND STATE-OF-THE-ART 

In the traditional paradigm, production was centralized and 

regulated according to consumer demand, which was largely 

standardized and sufficiently predictable for production time 

scheduling, so adjustments were made only to deviations of 

voltage and frequency. The power plants were therefore 

planned to be able to produce at any time, assuming distinct 

roles depending on the time of day, i.e., large plants with low 

costs and slow start were responsible for ensuring the basis of 

the load diagram, while the more costly and faster start-up 

plants were responsible for ensuring demand during full and 

peak periods. 

Over time, this paradigm has been progressively changed 

and has grown more rapidly since the European Commission 

established a policy framework for 2020, where a 40% 

reduction in CO2 emissions is expected from 1990 [6]. Among 

the strengthening of energy policies is a decrease in the 

generation of electricity from fossil fuels using alternative 

technologies from renewable sources, and in recent years there 

has been a greater dissemination and stimulation in the 

European countries. This stimulus was initially marked by the 

fact that marginal costs were zero, whether operating or not, and 

feed-in subsidies and tariffs (i.e., no subsidies paid by 

consumers), which were withdrawn as installed capacity was 

increasing. 

With the increasing competitiveness and integration of 

small-scale renewable technologies, new entities such as 

prosumers have emerged, further contributing to the impact on 

technical infrastructures and market structure in the traditional 

passive scenario of the grid [7], mainly due to some of them 

depend on intermittent resources, leading to a fluctuation in the 

levels of consumption that must be compensated, which is the 

main problem of their integration into the Electrical System 

(ES). 

This fluctuation triggers a series of challenges in the ES, 

making it necessary to carry out studies to predict new behavior 

and adjust the architecture of the business models, with a view 

to an adequate adaptation of the electricity market, according to 

the influence of the new variables. In these studies, one of the 

factors that makes an important contribution, and which has 

been invested in its development, are smart meters, since, with 

the consumer in permanent contact with the grid, there will be 

a greater amount of information about the which allows a more 

realistic forecast of the influence of this new integration on the 

load profile and create more efficient solutions [8]. 

Self-consumption consists of the installation of PVs that 

capture solar radiation and, with the help of some auxiliary 

equipment (inverters), the electric energy produced can be 

consumed in the installation itself. All this energy produced and 

consumed can represent savings, since it is no longer purchased 

from the energy marketer with which a power supply contract 

was signed. Self-consumption will divert the operation of 

machines such as heat pumps and dishwashers, which work at 

night for the daytime period, where there will be more energy 

production from the PV. The installation of storage systems 

(e.g. batteries) are also a possibility, and allow the accumulation 

of energy, which are charged when there is greater production, 

and then consumed in periods of less or no production. The size 

of the installations and the associated investment must be 

adequate for consumption. 

Self-consumption was created as a measure of energy 

efficiency, so that consumers know their consumption profile, 

act on unnecessary expenses and only then acquire a 

photovoltaic system, adequate and sized for the real needs. 

A. Advantages of Self-consumption 

Self-consumption will bring benefits to various entities, 

such as consumers, companies in the photovoltaic sector and 

even certain energy-dependent countries in other countries, as 

well as bringing some advantages in terms of grid operation. 

One of the main worldwide advantages of self-consumption is 

due to the reduction of the environmental impact, since it is 

based on clean and renewable energy, reducing CO2 emissions. 

Thus, it will enable several countries to reach the targets set for 

the emission of greenhouse gases, as previously mentioned. 

Other benefits offered by self-consumption may be as 

follows [9]: 

• Promote production close to the source of 

consumption, which will allow a reduction of losses in 

the grid; 

• Allow the entry of new small agents, which will lead 

to an increase in the competition of the production 

activity; 

• Reduce the need for power generation at peak times; 

• In the medium or long term, limit the investment needs 

in the grid; 

• Update the photovoltaic industry, creating jobs for 

population and developing local economies; 

• Encourage the conservation of energy by consumers, 

who will have a better perspective of their 

consumption habits; 

• Energy independence. 

 

Yet another advantage will be in relation to the energy 

policies established by the EU. These policies consist of three 

basic objectives: security of supply, environmental protection 

and competitiveness of the economy. However, a major 

problem in achieving the objectives of these policies is the 

acceptance by consumers of adherence to renewable energy 

production systems, since the recovery of investment could be 

long. Thus, energy policies will have to be based on four 

objectives: security of supply, environmental protection, 

economic competitiveness and public acceptance [6]. 



3 

 

As self-consumption systems can provide financial 

benefits to consumers, acceptance of such systems may be 

greater, so energy policy objectives will be more easily 

achieved. 

B. Photovoltaic Systems 

In the 21st century, photovoltaic technology has become 

more and more potential, on the one hand, thanks to the fact that 

it uses an inexhaustible renewable source and contributes to the 

achievement of the objectives of sustainability and energy 

efficiency and, on the other hand, its advantages over other 

technologies: economic predictability, low maintenance cost, 

short downtime, zero cost with fuel and short construction time 

[10]. 

In order to analyze photovoltaic systems, it is necessary to 

first understand the principles behind their operation. This 

implies an understanding of the fundamentals of solar energy. 

Solar energy can be used in an active or passive way, 

according to the different forms of capture, conversion and 

distribution. The use of solar energy actively consists of the use 

of solar thermal panels and PVs, while other forms of 

exploitation, such as the orientation of buildings relative to the 

Sun (increasingly considered in civil construction projects), are 

passive forms of use of solar energy. 

Thus, solar energy can be divided into solar thermal energy 

and photovoltaic solar energy. Thermal solar panels are used, 

essentially, for heating water. The principle of operation 

consists of the absorption of the solar energy in collectors, that 

through a thermal liquid is led to an accumulator vessel, later to 

be transmitted to the water. In turn, PVs allow the conversion 

of solar energy into electrical energy through the photovoltaic 

effect. 

Photovoltaic cells are usually connected in series and can 

also be connected in parallel, according to the desired voltage 

and current values. A set of cells form a module. A PV consists 

of a set of modules. A typical PV is made up of 36 or 72 

photovoltaic cells in series. 

Currently, there are several types of PVs on the market, and 

with the evolution of time, the technologies of production of 

photovoltaic cells are increasingly developed, which means that 

their efficiency has been increasing, although it is relatively 

low. The technologies inherent to PV can be divided in first, 

second and third generation [11]. 

C. Storage Systems 

Electric energy storage systems have shown great interest in 

recent years due to the development of storage technologies that 

favor their use, about the integration of renewable energies and 

decentralized power generation. Power storage enables greater 

flexibility and balance of the grid. Locally it can improve the 

management of distribution networks, reducing associated costs 

and improving their efficiency. From the demand side, these 

systems allow the consumer himself to manage more actively 

the energy dependence of the grid. Given that the production of 

electricity from solar has a great variation throughout the day, 

with the use of these systems, it becomes possible to store 

surplus production and consume the same surplus in periods 

where there is no or there is a production deficit. In isolated 

systems, storage systems are essential since the energy 

produced and not consumed during the day must be stored for 

the periods when it will be needed. 

Storage systems have a set of characteristics or parameters 

that define them and are relevant to their design: 

• Storage/Load capacity; 

• Useful lifetime; 

• Depth of discharge; 

• Energy density; 

• Efficiency. 

D. Load Defection 

The decentralized power generation, especially through 

PVs, is spreading rapidly and getting cheaper and cheaper. The 

cost of batteries is also decreasing, mainly due to its mass 

production for electric vehicles [12]. Solar energy is already 

starting to affect the sales and revenues of some energy 

companies. When solar energy and batteries combine forces, 

utility can become an option for many consumers, without 

compromising the quality of electricity and with ever more 

affordable prices. The set of PVs and batteries allow consumers 

to switch off from the traditional utility and can operate 

completely independently of the grid, however, there is still 

some degree of dependence on it, due essentially to the 

inefficiency of energy storage. These consumers represent a 

fundamentally different challenge for utility and for energy 

companies. 

Given these facts, there are regions where consumers are 

increasingly using less electricity from utility, which forces to 

change their business models and how they interact with 

customers or risk losing them. The new realities of the market 

are creating a profoundly different competitive landscape, 

making it necessary for utility and regulators to undergo 

significant adaptations. The Energy Services Regulatory 

Authority should therefore help design new business models by 

adjusting regulation accordingly. 

E. HEMS 

Home energy management systems (HEMS) consist of a 

system that provides information about the consumption of 

energy in homes and allows consumers to more actively control 

this consumption. With the goal of reducing energy 

consumption in homes and adapting consumption to consumer 

behavior, HEMS are being developed for both residential and 

commercial implementation. HEMS are associated with smart 

meters, eco-feedback devices and energy consumption 

indicators [35]. 

HEMS are defined as intermediate systems that monitor and 

manage the use of energy in homes, aiming to provide 

consumers with direct and affordable information about energy 

consumption and thus help them to reduce it. As such, these 

systems are different from smart meters, which are intended to 

provide this same information to utility. 

Most HEMS on the market are intended for electricity 

because it is technically less problematic to measure and not all 

countries provide other forms of energy to households. But, 

also, there are some meant for natural gas, often in combination 

with electricity. 

III. METHODOLOGY 

A. Residential Load Modeling 

Modeling appliance constraints is fundamental in realizing 

the overall behavior of the device, including interdependencies, 

and interaction with other agents and devices for optimization 

and scheduling problems. This paper considers four different 

types of residential loads that are, storage loads, shiftable, non-
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shiftable, and, thermal loads. We consider various electrical 

appliances, representing each load category, and derive a 

mathematical model to capture their dynamic behavior for 

smart-home automation. 

For the simulation intended in this paper the residential 

loads are divided into shiftable and non-shiftable loads. 

Shiftable loads include the electric water heater, the air 

conditioner and the washing machine or dishwasher, while the 

fixed loads correspond to other household appliances. 

Load diagrams were elaborated based on the energy 

consumed by the household appliances to be used in the 

intended simulation. It should be noted that the values of the 

loads and their hours of use correspond to an average estimated 

according to the behavior and lifestyle of the active population, 

including the students, children and the rest population that 

during the daytime period are not found in their homes, except 

for lunchtime. 

To build the load diagrams, 𝐹𝑡 is defined as the function 

responsible for creating the load in the operating time of each 

device n at each time t. This function receives 𝑡𝑜𝑛, 𝑡𝑜𝑓𝑓 and 

𝑃𝑛, corresponding respectively to the instant of time when the 

device is switched on and off and to its operating power. It is 

also defined 𝐶𝑛 as the function that holds the load diagram of 

each device n. 
0 ≤ 𝑡 < 𝑇, ⩝ 𝑡 ∈ 𝑇                             (1) 

𝐶𝑛 =  𝐹𝑡  (𝑡𝑜𝑛, 𝑡𝑜𝑓𝑓 , 𝑃𝑛)                              (2) 

The load diagram with all devices n, 𝐶𝑡𝑜𝑡, is defined by the 

following equation: 

𝐶𝑡𝑜𝑡 =  ∑  𝐶𝑛 (𝑡)

𝑇

𝑡 ∈ 𝑇

, ⩝ 𝑡 ∈ 𝑇                     (3) 

The total daily load corresponds to all household appliances 

and consumer systems that are switched on each day. The load 

diagram of Figure 1 corresponds to the set of fixed loads and 

modeled loads. This diagram presents a daily example of the 

average consumption of housing in Portugal [9], which is about 

15 kWh per day, as can be observed. 

To obtain better results in the desired simulation, a 

sensitivity analysis to the daily domestic consumption was 

elaborated, in the four seasons of the year. Therefore, it is 

assumed that the average daily consumption in the summer is 

about 15 kWh, as represented in Figure 1. In the autumn and 

spring, consumption increases slightly, due to the increase in 

the use of the thermal loads used for heating the water, as well 

as the ambient temperature of the houses, assuming an increase 

of the daily consumption of 10% in relation to the summer, to 

values around 16.5 kWh. In winter, consumption is still 

increasing, due to the high use of thermal loads for heating, 

assuming an increase of 20% compared to summer, to values 

around 18 kWh. 

 

Figure 1: Daily average load diagram implemented in the 
simulation. 

The assumed differences between the consumption in the 

four seasons are based on the consumption profiles in Normal 

Low Voltage C (BTN C), which refer to residential 

consumption, provided by EDP Distribuição, under ERSE 

Directive 12/2017, of 22 December [13]. 

B. PV Modeling 

In order to choose the model that best fits the simulation, it 

is necessary to take into account the relationship between the 

precision and the simplicity of the model. To minimize the 

computational complexity, a model as simple as possible should 

be chosen without sacrificing the desired precision. There are 

many different models describing the behavior of photovoltaic 

generation sources [14]. 

The chosen model considers the integration of an MPPT 

algorithm that ensures that the PV generator always operates at 

the point of maximum power for a given temperature and 

irradiation. Therefore, the inputs of the model are the ambient 

temperature and the solar irradiation, and the output 

corresponds to the maximum power generated by the PV. 

𝑃𝑀𝐴𝑋 = 𝑁
𝐺𝑎

𝐺𝑎,𝑆𝑇𝐶

[𝑃𝑀𝐴𝑋,𝑆𝑇𝐶 + 𝜇𝑃𝑀𝐴𝑋
(𝑇𝑀 − 𝑇𝑀,𝑆𝑇𝐶)]    (4) 

Where 𝑃𝑀𝐴𝑋 represents the maximum power generated by 

the modules in [W], 𝑃𝑀𝐴𝑋, 𝑆𝑇𝐶 the maximum power generated by 

the module in the standard test conditions (STC) in [W], N the 

number of modules, 𝐺𝑎 the solar irradiation that affects the 

module in [W/m2], 𝐺𝑎, 𝑆𝑇𝐶 the solar radiation incident on the 

STC in [W/m2], 𝑇𝑀 the module temperature [ºC], 𝑇𝑀, 𝑆𝑇𝐶 the 

module temperature in the STC in [ºC] and μ𝑃𝑀𝐴𝑋 represents 

the maximum power as a function of the module temperature in 

[W/°C]. 

The STC are the characteristics of ambient temperature and 

solar irradiation under which the parameters supplied by the 

manufacturers are obtained, 𝐺𝑎, 𝑆𝑇𝐶 = 1000 [W/m2] and              

𝑇𝑀, 𝑆𝑇𝐶 = 25 [º𝐶]. 

In turn, the temperature of the module depends exclusively 

on the incident solar irradiance and the ambient temperature, as 

observed in the following equation: 

𝑇𝑀 = 𝑇𝑎 + 𝐺𝑎

𝑁𝑂𝐶𝑇 − 20

800
                          (5) 

Where 𝑇𝑎 represents the ambient temperature in [°C] and 

NOCT represents the normal operating cell temperature.        

The NOCT parameter is obtained experimentally and supplied 

by the manufacturer. This parameter is measured under the 

reference conditions of irradiation and temperature, 

respectively, 𝐺𝑎, 𝑁𝑂𝐶𝑇 = 800 [W/m2] and 𝑇𝑎, 𝑁𝑂𝐶𝑇 = 20 [º𝐶]. 
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Through a sensitivity analysis, four photovoltaic generation 

profiles were considered, one for each season of the year, to 

estimate the annual production. These four profiles are 

sufficient to ensure adequate accuracy for simulation purposes, 

as we can see in Figure 2. 

 

Figure 2: Daily PV generation of a typical day of each 
season of the year. 

C. ARI Algorithm 

One of the main objectives of this paper is to develop an 

algorithm and to elaborate processes to adapt the consumption 

of energy in residential environment to its production through 

PV, minimizing the expenses with the energy coming from the 

utility, without compromising the well-being of the consumers. 

Thus, an algorithm called intelligent residential self-

consumption (ARI) was developed. This algorithm has as main 

function to move shiftable loads for the photovoltaic generation 

time, taking into account the different restrictions of the same, 

previously discussed. 

Therefore, the ARI algorithm will change the operating 

hours of the washing machine, the electric water heater and the 

air conditioning, whenever the restrictions of each of these 

devices allow it. For that to happen, priorities of displacement 

of these three appliances have been defined. 

To demonstrate the behavior of the ARI algorithm, each one 

of the shiftable loads was individualized of the remaining total 

daily load. Figures 3, 4 and 5 show how the washing machine, 

the electric water heater and the air conditioning behave when 

the ARI algorithm is applied. 

 

 

 

Figure 3: Behavior of the ARI algorithm, with the washing 
machine. 

 

 

 

Figure 4: Behavior of the ARI algorithm, with the electric 
water heater. 

 

 

Figure 5: Behavior of the ARI algorithm, with the air 
conditioning. 

 

According to the objective of this paper, which aims not 

only to develop an algorithm but also to design processes to 

adapt the energy consumption to its production through PV, the 

ARI algorithm was applied in a scenario in which the electric 

water heater would function with variable power. This solution 

was tested with the intention of maximizing, even more, the 

self-consumption. In this way, the operating power of the 

electric water heater would be equal to the difference between 

the photovoltaic generation and the load at each instant of time. 

The electric water heater would have a minimum and maximum 

power of operation, and between these values would work with 

variable power. 

In order to understand if the proposed solution would be 

implementable, we contacted Bosch Portugal, which is a 

manufacturer of electric water heaters and owns brands such as 

Vulcano and Junkers. It has been said by one of his engineers 

that this solution is easily implementable with the integration of 

some power electronics but that it is always necessary to have 

a minimum operating power that is sufficient for the electric 

water heater molecules to be heated, otherwise dissipates and 

the water is not heated. 

In Figure 6, it can be observed how the electric water heater 

behaves to operate with variable power when applied to the ARI 

algorithm. It is verified that its power, in certain instants, 

follows the power generated by the PV and that only turns on 

near the 10 hours due to its minimum power of operation. It was 

considered that the minimum power corresponds to 50% of its 

maximum power. 
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Figure 6: Behavior of the ARI algorithm, with electric 
water heater operating with variable power. 

 

D. Economic Indicators 

For the analysis of financial viability, it is necessary to take 

into account some economic indicators. These indicators 

depend essentially on the initial investment of the project, the 

savings generated, the residual value of the equipment, 

maintenance costs and the opportunity cost (remuneration 

required by the investor). The economic indicators used in this 

paper are the Levelized Cost of Energy (LCOE), the Net Present 

Value (NPV), the Internal Rate of Return (IRR) and the 

payback period. 

Considering a 15-year useful life for PVs, economic 

forecasting is studied for the same period. During the analysis, 

several factors that directly or indirectly have a significant 

weight in the results obtained over the years are considered. 

Throughout the economic analysis the maintenance costs are 

not considered. The residual value is also considered null, since 

end-of-life PVs have no market value. The natural deterioration 

of the PV has a relevant weight in the economic forecast, so it 

was considered 0,8% every year. 

After a historical analysis of electric tariffs applied to 

domestic consumers [15], its constant evolution becomes 

evident. Considering the notable year-to-year evolution and the 

average evolution over time in percentage terms, an annual 

inflation rate of 3% is considered. The same historical analysis 

was carried out for the evolution of household consumption 

over time in percentage terms [16], considering an annual rate 

of consumption increase of 2.5%. 

Tables 1, 2 and 3 present the prices considered for domestic 

tariffs [15], photovoltaic installations and Tesla Powerwall 

batteries. These values were provided by FF Solar and Tesla. 

 

 

Table 1: Domestic tariffs. 

Domestic Tariffs [€/kWh] 

Simple tariff 0,2284 € 

Bi-Hourly tariff 
Full 0,2437 € 

Empty 0,1258 € 

Utility sale tariff 0,0414 € 

 

 

 

Table 2: Photovoltaic Installations Cost. 

 

Table 3: Batteries Cost. 

 

 

IV. RESULTS ANALYSIS 

In this chapter the results obtained in the simulations 

resulting from the scenarios under study are analyzed, described 

and compared. It is also intended to study the feasibility for each 

scenario and to determine which are the most promising. Five 

scenarios were considered. 

Scenario 1 corresponds to a housing with a Production Unit 

for Self-consumption (UPAC). Scenario 2 corresponds to a 

housing with a UPAC and a battery. Scenario 3 corresponds to 

a housing with a UPAC and the ARI algorithm. Scenario 4 

corresponds to a housing with a UPAC, with the ARI algorithm 

and a battery. Finally, Scenario 5 corresponds to a housing with 

a UPAC and with the algorithm ARI applied to the electric 

water heater operating with variable power (EWH-VP). 

For each of these scenarios four cases were analyzed, each 

corresponding to a UPAC with 4, 6, 8 and 10 photovoltaic 

modules. Each module has a power of 250 Wp, i.e., the power 

of the photovoltaic system in each case is 1000 W, 1500 W, 

2000 W and 2500 W, respectively. 

A. Scenario 1: UPAC (8 PV) 

 

Figure 7: Daily load and production profiles of summer 
typical days for scenario 1. 

In Figure 7 it is possible to observe the daily production and 

consumption profiles of summer typical days. In summer the 

photovoltaic production is 12,41 kWh per day, and the 

consumption is 15,17 kWh. Self-consumption is very low, with 

daily values between 1 and 2 kWh, throughout the year. The 
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surplus production is very high, and in summer the highest 

values are recorded. 

In Figure 8 it is possible to observe the payback period for 

consumers with bi-hourly tariff. It turns out that it takes about 

11 years to recover the initial investment and that the total 

accumulated saving is 1 327.6 €. 

 

Figure 8: Payback, bi-hourly tariff, for scenario 1. 

Table 4 shows that this scenario is not economically feasible 

for both tariffs, since the NPV is negative and the IRR is lower 

than the opportunity cost rate (5%). The paybacks, too, do not 

present satisfactory values given the useful life of the system, 

although the LCOE obtained is relatively lower than the current 

price of electricity. 

Table 4: Economic indicators for scenario 1. 

 

 

B. Scenario 2: UPAC and Battery (8 PV) 

 

Figure 9: Daily load and production profiles of summer 
typical days for scenario 2. 

It is identical to Scenario 1, presenting only one difference, 

that is, surplus or non-consumed energy is stored in a battery, 

instead of being injected into the grid, to be consumed later, as 

shown in Figure 9. It should be noted that the battery provides 

90% of the surplus production due to its efficiency. In this case, 

the surplus production is 5.306 kWh and the battery supplies 

90% of that value, corresponding to 4,775 kWh. 

In Figure 10 it is possible to observe the payback period for 

simple tariff consumers. It turns out that it takes about 12 years 

to recover the initial investment and that the total accumulated 

saving is 2 595.9 €. 

 

Figure 10: Payback, simple tariff, for scenario 2. 

Table 5 shows that this scenario is not economically viable 

for both tariffs, since the NPV is negative and the IRR is lower 

than the opportunity cost rate (5%). The paybacks, too, do not 

present satisfactory values given the useful life of the system 

and the LCOE is similar to the current price of electricity, when 

lower values are desired. 

Table 5: Economic indicators for scenario 2. 

 

 

C. Scenario 3: UPAC and ARI (8 PV) 

 

Figure 11: Daily load and production profiles of summer 
typical days for scenario 3. 

With the use of the ARI algorithm, it is verified in Figure 11 

that self-consumption is high, and that excess production is 

minimal, as intended in the UPAC design. 
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In Figure 12 it is possible to observe the payback period for 

consumers with bi-hour tariff. It turns out that it takes only 4 

years to recover the initial investment and that the total 

accumulated saving is 10 058.6 €. 

 

Figure 12: Payback, bi-hourly tariff, for scenario 3. 

Table 6 shows that this scenario is economically feasible for 

both tariffs, since the NPV is positive and the IRR is much 

higher than the opportunity cost rate (5%). The paybacks are 

very satisfactory given the system's useful life and the LCOE 

obtained, is very reasonable, since its value is relatively lower 

than the current price of electricity. 

Table 6: Economic indicators for scenario 3. 

 

 

D. Scenario 4: UPAC, ARI and Battery (8 PV) 

 

Figure 13: Daily load and production profiles of summer 
typical days for scenario 4. 

It is identical to Scenario 3, presenting only one difference, 

that is, surplus or non-consumed energy is stored in a battery, 

instead of being injected into the grid, to be consumed later, as 

shown in Figure 13. In this case, the surplus production is 3,132 

kWh and the battery supplies 90% of that value, i.e., 2,819 

kWh. 

In Figure 14 it is possible to observe the payback for 

consumers with bi-hour tariff. It is verified that it takes about 5 

½ years to recover the initial investment and that the total 

accumulated saving is 9 966.3 €. 

 

Figure 14: Payback, bi-hourly tariff, for scenario 4. 

Table 7 shows that this scenario is economically viable for 

both tariffs, since NPV is positive and that IRR is much higher 

than the opportunity cost rate (5%). Paybacks have satisfactory 

values given the useful life of the system and the LCOE 

obtained is reasonable, since its value is relatively lower than 

the current price of electricity. 

Table 7: Economic indicators for scenario4. 

 

 

E. Scenario5: UPAC and ARI with EWH-VP 

 

Figure 15: Daily load and production profiles of summer 
typical days for scenario 4. 

It can be seen in Figure 15 that self-consumption has very 

high values and that excess production is minimal. With the 

electric water heater operating at variable power, using the ARI 

algorithm, almost optimal values of self-consumption are 

obtained given photovoltaic production. In this way, the surplus 

production is so reduced that it is not necessary to use a battery 

in the house. 
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In Figure 16 it is possible to observe the payback period for 

consumers with bi-hour tariff. It is verified that the period of 

recovery of the investment is less than 4 years and that the total 

accumulated saving is 10 559,4 €. 

 

Figure 16: Payback, bi-hourly tariff, for scenario 5. 

Table 8 shows that this scenario is economically feasible for 

both tariffs, since NPV is positive and that IRR is much higher 

than the opportunity cost rate (5%). The paybacks are very 

satisfactory given the system's useful life and the LCOE 

obtained is very reasonable, since its value is relatively lower 

than the current price of electricity. This is the most 

economically viable scenario in all five scenarios, essentially 

for consumers with a bi-hourly tariff, since it has the highest 

IRR and NPV values and the lowest payback of 3.8 years. 

Table 8: Economic indicators for scenario 5. 

 

 

F. Economic Viability Analysis 

Table 9 shows the differences, in percentage, between self-

consumption and surplus production in relation to photovoltaic 

generation, with and without the use of the ARI algorithm. It 

can be concluded that its use allows a high optimization of 

photovoltaic installations in a residential environment, due to 

the possibility of high levels of self-consumption (68%) and 

reduced levels of surplus production (32%). The combination 

of the ARI algorithm with the EWH-VP also allows better 

levels of self-consumption (76%). The results obtained validate 

the functionality of the ARI algorithm. 

Table 9: Percentage of self-consumption and surplus 

production in relation to photovoltaic generation. 

 

G. CO2 Emissions 

The total electricity consumed in Portugal in 2017 was 49.6 

TWh and, due to the production of this energy, some 18 million 

tons of CO2 were emitted [17]. According to Energias de 

Portugal (EDP), the CO2 emissions associated with energy 

production in 2017 were 0,18785 Kg/kWh. Considering a 

housing in Portugal with an UPAC, with installed power of 

2000 Wp, the emission of about 610 kg of CO2 per year can be 

saved. In Portugal, there are 3,5 million houses. For example, 

considering that around 30% of these households have an 

UPAC of 2000 Wp, 641 thousand tonnes of CO2 could be 

avoided annually, equivalent to a 3.6% annual CO2 emissions 

reduction. 

The ARI algorithm developed in this paper allows to 

increase the solar photovoltaic utilization, making its use 

economically viable. Like it is a renewable energy source, it is 

essential that there has been a great growth for reach the 

European Commission and the International Energy Agency 

(IEA) goals. 

V. CONCLUSION AND FUTURE WORK 

A. Conclusion 

The realization of this paper allowed to gather a set of 

remarkable conclusions, not only about the main objective of 

this work, but also about the realities that surround it. The 

proliferation of decentralized power generation and smart grids, 

as well as the integration of DMS and HEMS, make a strong 

contribution to improving the efficiency of electricity 

distribution, increasing the quality of its supply and 

contributing to the prevention of losses in the grid, reducing the 

costs of operation and maintenance of the various equipment. 

The photovoltaic sector has shown an exponential growth in 

recent years. However, it still represents a small percentage of 

the world energy demand. 

The development of photovoltaic technology and the 

decrease in the cost of photovoltaic systems has contributed to 

the increase of the self-consumption that was created as an 

energy efficiency measure, so that the consumers know their 

consumption profile, act on the unnecessary expenses and only 

then acquire a photovoltaic system, adequate and sized for your 

real needs. 

Portugal shows a considerable evolution in the production 

of energy from renewable sources. Photovoltaic production is 

also part of this growth. However, it is still in the last positions 

of energy production through renewable sources. In 2017, only 

1.6% of total production came from solar energy [17]. 

However, since Portugal is a country with excellent solar 

conditions, a strong bet is expected in this sector. Decree-Law 

153/2014, which defines the decentralized power generation 

rule, especially the promotion of self-consumption, appears as 

a possible driver of the growth of photovoltaic installations in a 

residential environment. 

It is concluded that self-consumption has the capacity to 

prosper soon. Concern about climate change and the emission 

of greenhouse gases, together with the constant rise in the price 

of electricity and the decrease in the cost of photovoltaic 

systems, have created incentives that awaken society to seek 

this type of systems. Self-consumption has many social, 

economic and environmental advantages, including at a 

political level, as it allows greater use of renewable energy, 

making it essential to achieve the 20-20-20 goals imposed by 

the European Commission. 

From the analysis of economic feasibility considering all 

economic assumptions applied throughout the study, it is 

concluded that the ARI algorithm significantly improves the 

levels of self-consumption of an UPAC, presenting quite 

satisfactory economic indicators, which makes the investment 
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in a photovoltaic system viable. It should be noted that the sale 

of the surplus production does not yield gainful results for the 

consumer, so the injection into the grid should be avoided. In 

this way, the ARI algorithm also contributes to minimizing the 

excess produced energy. Therefore, these facts validate the 

functionality of the algorithm developed in this work. 

In short, the proposed algorithm makes it attractive to install 

photovoltaic systems in households because it is economically 

viable, which will lead to a greater penetration of solar energy 

into the energy mix, and therefore will contribute strongly to 

the medium and long term environmental objectives and the 

electrification of the houses, making the natural gas used as a 

last resource. 

B. Future Work 

After completing this work and taking into account the 

prospect of its continuation, some suggestions for future work 

may be mentioned. 

The crucial point in the implementation of a photovoltaic 

system is the maximization of self-consumption and the 

minimization of the surplus injected into the grid. The algorithm 

developed in this dissertation greatly improves these two 

aspects, however, it can be improved. 

The load constraints presented are limited and do not 

consider the topology of the buildings, the size of the 

household, the lifestyle of the users or the climatic conditions, 

which also have a significant impact on the way the models are 

made. Therefore, additional research is needed to provide more 

features to load models so that the ARI algorithm can improve 

their skills. 
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