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incentive the use of energy outside the peak-hours and energy savings during this time. Solar Domestic 
Hot Water Systems – SDHWS can at the same time save energy and shift the consumption, but depending 
on the difference among the time-of-use rate levels, sometimes is more feasible to use electricity to heat 
the water when it is cheaper than investing money on solar collectors.  

Considering the interest of both, consumer and energy supplier, the system needs to be cost-effective in 
the point of view of the consumer (i.e. reduce the energy consumption) and for the system operator and 
utility companies (i.e. reduce the peak consumption). Therefore, there is a conflicting interest that can be 
optimized and for each desired energy quantity that is removed from the peak-hours there is a relation 
between the TOU rate that minimizes the energy expenditure of the consumer.  

The present work discusses this situation showing the tradeoff between the Annualized Life Cicle 
Costs - ���� and the quantity of energy that is removed from the on-peak period. The actual regulation is 
analyzed in terms of the SDHWS use. A multi-objective optimization is applied considering a long-term 
transient simulation routine for a case study representing a typical thermosiphon SDHWS for 
Florianopolis – Brazil. 

 
2. System description 

 
The thermal simulations use a SDHWS working on thermosiphon mode because it is the most 

common configuration in Brazil. The reasons for this are high solar energy availability, absence of low 
temperatures, operational reliability and lower costs. Fig. 1 shows the basic configuration of the SDHWS 
used. This kind of system avoids the use of pumps, however, the thermal storage needs to be placed at a 
higher position than the collector, and therefore is common to place it on the roof or in the attic. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 – Schematic diagram of the thermosiphon solar domestic hot water system. 

 
Both, the solar collector area and the thermal storage tank volume are sized through an optimization 

process that will be described later. The efficiency curve of the solar collector was taken from the 
Brazilian labelling program considering a solar collector that got a class A grade [5]. This efficiency curve 
is experimentally measured for a specific flat-plate collector, but for optimization purposes it was 
considered independent of the collector area. The specification parameters used are listed in Table 1. 

 
Table 1. Technical specifications of the solar domestic hot water system 

 Parameter Value 

C
o

lle
ct

o
r 

Collector slope 37.6 ° 

Efficiency intercept (��(��)) 0.728 (-) 

Efficiency slope (��
�) 6.18 W/m2K 

Incidence angle modifier coefficient 0.1065 (-) 

Tested flow rate 60 kg/m2h 

Thermal Storage
Tank

MixingValve

Hot Water
Outlet

Auxiliary
Heater

Cold Water Inlet

Electric
Showerhead

Solar
Collector

Array
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Riser diameter 0.0142 m 

Header diameter 0.027 m 

T
h

er
m

al
 s

to
ra

g
e 

Thermal storage shape factor (Diameter and Height ratio) 0.5 (-) 

Thermal storage insulation thickness 0.05 m 

Thermal storage insulation conductivity 0.126 W/mK 

Thermal storage maximum auxiliary heating rate 3 kW 

Thermal storage auxiliary heating device efficiency 1 (-) 

Thermal storage thermostat temperature dead band 2 °C 

Thermal storage thermostat temperature 45 ° 

E
le

ct
ric

 s
h

o
w

-
er

h
ea

d
 

Electric showerhead maximum power,  6.6 kW 

Electric showerhead overall loss coefficient 0 W/K 

Electric showerhead efficiency 0.95 (-) 

Electric showerhead set point 40 °C 

In
st

al
la

tio
n

 d
et

ai
ls

 

Collector inlet diameter 0.015 m 

Number of bends in the inlet pipeline 4 

Inlet pipeline thermal loss coefficient 1.8 kJ/m2hK 

Collector outlet diameter 0.019 m 

Number of bends in the outlet pipeline 4 

Outlet pipeline thermal loss coefficient 1.8 kJ/m2hK 

Height of the solar collector 1.415 m 

Vertical distance between collector’s inlet and outlet 0.864 m 

Vertical distance between collector inlet and thermal storage 
outlet 

1.164 m 

Thermal conductivity of the thermal storage and fluid entirety 2.207 W/mK 

 

Some of the simulation parameters used in the systems are function of the design parameters (i.e. solar 
collector area and thermal storage volume), and need to be calculated in each iteration of the optimization 
process. These parameters are, thermal storage overall heat loss coefficient, thermal storage diameter and 
height, positions of the thermal storage thermostat and heating element, length of the solar collector and 
inlet piping length, number of parallel solar collector risers and maximum flow rate for the solar pump. 
The equations used to calculate these parameters were described in detail by [6] and [7]. 

The proposed SDHWS configuration uses two auxiliary electric heaters, one inside the storage tank 
and other in line to the load. The second one works as an electric showerhead and was considered in the 
simulation model just to guarantee the desired temperature for the users. 

The thermal performance of the SDHWS depends significantly on the domestic hot water load profile. 
The chosen profile was previously determined using real measured data of a group of ninety residential 
consumers during a one-year period ([7], [8]). A statistically representative normalized load profile is then 
derived as depicted in Fig. 2. 

The annual thermal performance and economic analysis were determined using the Transient System 
Simulation Program (TRNSYS) [9]. All simulations were performed using a Typical Meteorological Year 
– TMY from the SWERA database [10] for Florianopolis (27.6°S/48.5°W). The performance of the 
thermosiphon system was calculated through the Morrison and Braun model [11]. In addition, the 
auxiliary energy supply was simulated as electric heaters with a fixed thermal efficiency and with a 
maximum power that is modulated to meet the specified set point temperature. 
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Fig. 2 – Normalized hot water daily consumption profile. 
 

3. Economic Analysis 
 

Starke et al [12] presented a discussion showing the trade-off curves for two incentive policies, a 
rebate program and a TOU rate with only two different rate levels. The present work focus only in the 
TOU, but using the regulatory framework that is being implemented in Brazil. 

3.1. Time-Of-Use rate 
A TOU rate was recently established by the regulatory agency (ANEEL) in Brazil and named “Tarifa 

Branca” [4]. It is an option for the low voltage consumers to pay different electricity rates depending on 
the hour of the day and the day of the week. During the business days there are three different rates: off-
peak, intermediary and on-peak and during the weekends and holydays the off-peak rate is used. The 
hours and ratio between the rates are defined by the regulatory agency every four years for each utility 
company. Fig. 3 show the frame for the TOU rate compared to the flat rate in Santa Catarina [13]. It is 
worth to note that the flat rate is the weighted average of the TOU rate. 

 
Fig. 3 – Comparative between Time-of-Use and flat rates for Santa Catarina. 

 
The different rate levels are treated in the present work related to a reference value - the flat rate - to 

enable the construction of different scenarios, thus it is possible to propose a policy to incentive the use of 
SDHWS. Table 2 shows the actual rates applied in Santa Catarina and their ratio to the flat rate. The 
Brazilian regulation also has a subsided rate for low income users and also the taxes are lower for the first 
150 kWh of monthly electricity consumption, but the TOU is based on the conventional rate, so these 
aspects are not considered in the present work. 
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Table 2. Electricity rates of residential consumers in Santa Catarina [13]. 

Eletricista rate - �
 Value 

(€/kWh) 

Ratio 

Flat 0.12769 1 

On-peak 0.21726 1.7015 

Intermediary 0.14332 1.1224 

Off-peak 0.11176 0.8752 

 

3.2. Economic figures 
The economic analysis considers that the consumer invests on a SDHWS to decrease his yearly 

expenditures in water heating. Thus, all costs related to the additional investment and expenses of the 
SDHWS during the lifetime are also taken into consideration. The economic analysis methodology can be 
seen in details in [14]. First of all it is necessary to define the Life Cycle Cost – ��� for water heating 
that includes the equipment, its installation and maintenance costs and the auxiliary energy costs during 
the whole lifetime. It can be calculated bringing all these values to the present as shown in Eq. (1): 

 
��� = (1 + ��)��(��)�1 + �����(�, ��, �)� + 	���(�, 0, �)∑ (!"#$�%)&%"'                                (1) 
 

where �� is the installation cost as a percentage of the initial cost ��(��) of the SDHWS, �� is the annual 
maintenance cost as a percentage of the installed cost of the system, !"#$ is the hourly auxiliary energy 
consumption, �% is the electricity rate that depends on the hour and day of the week; ��� is the present-
worth factor of a series of constant values, � is the lifetime of the system, �� is the maintenance inflation 
rate and � is the discount rate. 

The initial cost �� can be calculated as follows: 
 
��(��) = �(�( + �)(*))                                                                                                                          (2) 
 

where �(  is the solar collector cost per area, �(  is the solar collector area, �)  is the storage tank as a 
function of the storage tank volume (*)). The solution domain �� represents all possible combinations of 
�( 	 and *).  

Once in the point of view of the consumer the economic figure of interest is the ����(��), it can be 
calculated as: 

 
����(��) = ���(��)/���(�, 0, �)                                                                                                 (3) 
 
Table 3 lists the actual costs in the Brazilian market and the economic assumptions for the present 

work. 
 

Table 3. Costs of the SDHWS and economic parameters. 

Parameter Value 

Solar system life cycle, � 20 years 

Discount rate, � 8 % 

Maintenance inflation rate, ��  6.4 % 

Solar collector cost, �( 119.25 €/m2 

Annual maintenance cost, �� (related to the initial cost) 1 %  

Installation cost, �� (related to the initial cost) 15 % 

Exchange rates for Euro at March, 2014 , , (-.$ €⁄ ) 3.48 BR$/€ 

 
The cost, in euros, of the thermal storage (�)) was considered in the analysis by a regression model 

based on the prices of tanks with different volumes obtained of the main suppliers in the Brazilian market, 
as follows, 
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: � ��5;* )
< 8 9�;75* )

= � ��375��* )
>	                                             (4) 

 

3.3. Trade-off between the Annualized Life-Cycle Cost and on-peak energy consumption 
 
A trade-off curve is a well known way to help on decision when dealing with conflicting objectives. In 

the present analysis, the consumer is interested in the lowest ���� , while the utility company is 
interested in remove consumption from the on-peak and intermediary hours (! "#$�?%"@A�BC� �� 	 ). To 
create the trade-off curve, the SDHWS needs to be proper sized and to do this an objective function that 
includes both objectives employing a weighted global criterion method is derived. Then, an optimization 
routine was applied considering two design parameters as independent variables: the solar collector area 
and the thermal storage volume. The combination of an optimization routine with a life-cycle simulation 
of a solar system was extensively explained by [15]. With the weighted global criterion method, it is 
possible to solve a single objective by assigning relative weights (C) to the conflicting ones ([16], [15], 
[17]). The objective function used in the present study includes also a minimum bath temperature as a 
constraint to guarantee that the system supplies water in the desired temperature to the consumers. 
Therefore, the optimization problem can be defined as follows: 

 
DEF

�� GH� �� 	 � � � � 8 �I 	
J KLM�NOKPQRST� �� 	

J UV
� I

W�XX� �� 	

W�XXUV
� Y � ��� 	 Z

[,\]^_`�`ab

�� � c ��[

Y� � �� 	 � d e������������������������������������H�f_agh� �� 	 i f �j%"k
�� a`l^mn�h^`

                                                      (5) 

 
where S is the feasible region defined by the solar collector area � (  and the storage volume *) . ! )o  and 
���� )o  are the values of the energy consumption and annualized life cycle costs in the case of an 
electric showerhead use that were used to rewrite the two conflicting objectives in a non-dimensional 
form.  

To do the multi-objective and multi-parameter optimization, the Generic Optimization Program 
(GENOPT) was used, since it can be easily coupled with TRNSYS. This software has a large 
optimization algorithm library from which the hybrid algorithm of the Particle Swarm Optimization 
algorithm and the Generalized Pattern Search implementation of the Hooke-Jeeves algorithm 
(GPSPSOCCHJ) were selected. This decision is adequate for specific features of problems in which the 
objective function is not continuously differentiable, or it must be approximated, that is the case of the 
thermal simulation routines analysed. Therefore, the design parameters can be only solved heuristically 
[18]. 

 
4. Results 

 
The results of the case study are presented for Florianopolis – Brazil (27.6°S/48.5°W), considering a 

thermosiphon SDHWS, where the daily hot water consumption was set to 0.3 m3 at 40 ºC that can 
represent a common case in Brazil.  

Two scenarios were considered, the flat rate and TOU rate so it will be possible to identify what is the 
best option for the consumer and if the combination between SDHWS and TOU rate can be a good policy 
to smooth the energy consumption during on-peak hours. Together with these results, also the annualized 
life cycle cost of the showerhead is plotted, so the proposed alternatives can be compared to the most used 
solution for water heating in Brazil. The trade-off between the annualized life cycle cost of the system and 
the on-peak and intermediary yearly electricity consumption is shown in Fig. 4.  
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Fig. 4 – Trade-off curve of the on-peak energy consumption versus ����.  

 
The first observation is that there is not a big difference between the ���� for both rates. It happens 

because the actual economic figures are quite favorable to the use of SDHWS. Fig.5 shows the same 
result, but on a logarithmic scale, together with the ���� using the electric showerhead for both rates. It 
shows that the TOU rate increases the annualized costs for the showerhead and decreases for the 
SDHWS, so, although in both cases there is an economic feasibility, when the consumers choose the TOU 
rate the difference between the two costs is higher.  

 

Fig. 5 – Trade-off curve of the on-peak energy consumption versus ���� together with the ���� of the 
electric showerhead (SH).  

 
This can also be verified analyzing the ��[ showed in Fig. 6 as a function of the collector area keeping 

the storage volume on a ratio of 0.075 m3 per collector unit area (m2). In this case, the DSHWS was 
optimized considering only the consumer point of view (φ = 1) that coincides with the higher on-peak 
consumption in figures 4 and 5.  

Figure 7 shows the storage volume per collector area ratio in the optimized size that generates the 
trade-off curve. The recommended figures for this ratio as a best practice are 0,075 m3

 per square meter 
given in [14] and around 0,1 m3 per square meter according to the term of reference for the Brazilian low 
income housing units program “Minha Casa Minha Vida” [19]. For the present study it was lower, 
standing around 0,07 m3 per square meter because the heating energy was considered constant along the 
year, so the necessity to store more water to attend the demand during the winter months was 
underestimated. Even so, it is observed that as the objective of on-peak energy savings increase, this value 
also increases due to the necessity of heating water during the off-peak period. The lower ratio obtained 
considering only the on-peak energy saving objective (φ = 0) happened because at this point the area 
increases a lot in order to provide all heating energy from the collectors. 
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Fig. 6 – Life Cycle Savings - ��[  of the DSHWS as a function of the collector area considering a storage 
volume of 0.075 m3 per unit of area. 

 

Fig. 7 – Storage volume per collector area ratio as a function of the on-peak energy consumption.  
 
The yearly sum of the electricity demand during a day is shown in Fig 8. As previously discussed, the 

on-peak energy savings of the SDHWS are not strongly dependent on the used rate. Even considering 
only the consumer interest, a strong reduction in the on-peak energy consumption is achieved. 

 
 

Fig. 8 – Yearly sum of the electricity demand during a day.  
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5. Conclusions 
 
This work presented an analysis of the trade-off curve between the ����  and the on-peak plus 

intermediary electricity consumption. The SDHWS design was optimized in terms of the collector area 
and storage tank volume from an objective function that minimizes the two conflicting interests 
employing a weighted global criterion method. A TOU rate was also considered according to the actual 
Brazilian regulatory frame. 

The results shows that independent on the option for the TOU rate, in both cases the SDHWS system is 
economically feasible, being interesting not only for the reduction of the ���� but also reducing the on-
peak electricity consumption. It is worth to note that the TOU rate increases the ���� in the case of using 
an electric showerhead, that turns the SDHWS more attractive when comparison to it. 

As the main limitations of the present work, the use of a constant water heating demand led to an 
overestimation of the energy savings and undersized the area and volume of the SDHWS. Even so, the 
trade-off curve behavior and the comparative results presented here are valid. 

As additional work, an introduction of the solar irradiation forecast to control the storage tank 
temperature can also decrease the use of electricity during on-peak hours. Another possibility is the use of 
the ratio between the TOU rates to the flat rate to achieve a specific objective of on-peak electricity 
savings. A study considering different demand profiles for each month is being conduct using the same 
database used here for the annual average of hourly consumption profile. Another interesting work, is to 
do the same analysis considering individual typical consumers, so depending on the type of consumer, the 
TOU rate can be or not a good option. 
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Abstract 

In recent years the energy consumption, decentralized feed-in, storage of renewable energies and the power 
system complexity have grown rapidly worldwide. Hence, some power grids are already working at their 
stability limits. Consequently, the risk of power system instability has greatly increased during energy 
consumption peaks. Therefore, the demand response utilization in order to protect electrical networks from 
critical situations and to avoid building extra power plants etc. is becoming a very relevant issue in the 
network operation. 
In this paper the demand response methodology for reduction or shift of energy consumption, its advantages 
and possible application areas are introduced. In addition, main present and past demand response programs, 
which have been implemented in the EU, especially in Germany, are identified and described. Finally, the 
potential of controllable loads in the distribution power systems on the example of Germany are illustrated. 
Keywords: demand response; controllable load 

1. Demand response 

According to the Federal Energy Regulatory Commission [1], [2], Demand Response (DR) is defined 
as “Changes in electric usage by end-use customers from their normal consumption patterns in response 
to changes in the price of electricity over time, or to incentive payments designed to induce lower 
electricity use at times of high wholesale market prices or when system reliability is jeopardized”. 
Therefore, DR means decreasing the load energy consumption or its shifting to other period of time 
during demand peaks. 

The electricity price can be reduced by using demand response, which can help to decrease the energy 
demand in power grids during the day. Furthermore, building extra power plants, which are operated just 
during energy consumption peaks, and some blackouts, which occur if there is not enough generation to 
cover high energy demand, can be avoided with the help of DR. In addition, by utilization of DR more 
renewable energy sources can be installed in the electrical power grids. DR has not only the already 
mentioned advantages but also can reduce carbon emission in order to decrease environment pollution. 

There are different types of DR: emergency DR, economic DR and ancillary services DR. Emergency 
DR is used in order to avoid dangerous situations and instabilities in the power systems, e.g. blackouts, 
which can occur because of the lack of the generation while electrical consumption peaks. Economic DR 
allows electricity customers to reduce their energy demand and in this way decrease the electricity costs. 
Ancillary services DR includes different services, which provide the secure transmission power grid 
operation, and are usually used for generators [2]. 

2. Demand response programs 
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Demand response programs are created to involve electricity customers in the DR process. Therefore, 
such programs help customers to reduce or shift the energy consumption during the highest energy 
demand peaks. Thereby, some dangerous and unexpected events, which occur in the electrical network 
because of overloading, can be prevented. [3] 

DR programs are advantageous for both: networks operators and energy customers. On the one hand, 
the customers get some financial incentives, they pay less for electricity. On the other hand the power 
networks operators can keep the system stable during periods of a high energy demand using DR. In 
addition, they can avoid building extra power plants, which are only utilized to cover the energy 
consumption peaks. 

2.1. Demand response programs in Europe 

Europe has an enormous potential of the demand response utilization because there are already 
different technologies and electrical equipment which provide the ability to implement the DR 
methodology in its different regions. In recent years, European energy market is developing und changing 
very fast because of using new regulation methods. In the past there were political barriers in the 
European Union which did not give many possibilities to use the capacity of demand resources. 
Nevertheless, European countries has recently begun to change their politic and laws in order to utilize 
DR in the power grids more often. Particularly, there are some countries in Europe, e.g. the United 
Kingdom, France, Italy, Spain and Ireland, which are very interested in the DR utilization in the energy 
market. [4] 

2.1.1. Demand response programs in the United Kingdom 
The United Kingdom (UK) has a large energy market for the DR utilization. The UK was planned to 

take some nuclear and coal power plants out of operation between 2008 and 2016 in order to reduce gas 
supply and install more renewable energy sources into its power grid [5]. 

2.1.1.1. The National Grid Short Term Operating Reserves program [5] 
The National Grid Short Term Operating Reserves (STOR) program was created to shed some 

electrical loads during the time periods of dangerous events, which could make the power grid instable. 
The customers are paid if they disconnect their loads from the electrical network during critical time 
periods. In this way the power operator can easily keep the power grid stable and avoid rolling blackouts. 

The DR needs to be used in the UK in very diffident days and various periods of time. Hence, the 
National Grid divides a year into six parts which consist of so-called working days (including Saturdays) 
and non-working days (Sundays and Holidays). In addition, critical periods are determined in every day if 
the DR is necessary. 

The customers are allowed to take part in the STOR program if their capacity is minimum 3 MW. This 
can strongly reduce the number of participants in this DR program because plenty of them do not have 
enough capacity. Nevertheless, the customers can combine their facilities to participate in the STOR 
program. However, this process causes extra cost for them. 

2.1.1.2. Triad Management [6] 
So-called Triads in the UK are time periods of electricity consumption peaks. Triads last three and a 

half hour per day, usually between 4 and 7 pm, in the winter. During this period the domestic 
consumption is the highest. Besides, the industry could have a demand peak during this period too. 

Triads programs give the customers an ability to shift their energy consumption from demand peak 
periods to another time period or reduce it. In this way, the customers can usually save around 12 % of 
the electricity bill. 

2.1.2. Demand response programs in France 
France is also very interested in the DR mechanism. There are many customers, e.g. private customers 

and small companies, whose energy consumption could be reduced or shifted to other periods of time 
during energy demand peaks. 

2.1.2.1. Electricite´ de France’s Tempo tariff 
Electricite´ de France’s Tempo tariff is a DR program where the electricity prices for end-customers 

vary depending on the weather. Around 350,000 private customers and 100,000 small companies use this 
program [7]. Taking into account whether conditions the electricity price is shown using color system. 
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The system is shown if the current hour is a peak hour or not [8]. Therefore, customers can connect or 
disconnect their heating systems or water circuits automatically or manually. 

Hence, using the Electricite´ de France’s Tempo tariff the energy demand was reduced for around 
15 % in so-called ‘‘white’’ days and 45 % in ‘‘red’’ days [7]. In this way, customers could usually save 
around 10 % of their electricity bill. 

2.1.3. Demand response programs in Ireland 
In Ireland there are plenty of large and small different providers of smart technologies in the energy 

consumption. Many of them deal with the DR management and offer electricity customers various 
methods in order to use the DR. These providers are very active in DR policy of Ireland and interested in 
the joint work with electrical network operators. 

2.1.3.1. Demand Response Aggregators of Ireland 
Several smart technology provider companies, such as EnerNOC, Electric Ireland, Energy Trading 

Ireland etc. (Fig. 1), created an association Demand Response Aggregators of Ireland (DRAI) in 2015. 
According to [9] the DRAI was founded to “provide a single voice on policy and regulatory matters of 
common interest”. In addition, “the purpose of Demand Side Participation in the Single Electricity 
Market (SEM) aims to improve system security while reducing costs to the consumer and reducing 
generation related emissions”. 

 
Fig. 1: Members of the DRAI association [9] 

One of the DRAI members is a biggest smart technology provider company in Ireland, EnerNOC. It 
provides energy intelligence software (EIS) for the DR and different deliver custom services for 
commercial, institutional, and industrial customers. 

EnerNOC's energy intelligence software (EIS) includes data analysis, energy management tools, 
customer management portal etc. The EIS evaluates an energy demand and provides detailed information 
for its clients. This enables customers to analyse their own energy consumption and helps them to find the 
best way for a reduction of their electricity costs. [10] 

2.1.4. Demand response programs in Italy 
Italy is the leading country in the smart metering in the European Union. It has the highest utilization 

of smart meters in households in Europe with more than 90 %. 

2.1.4.1. Advanced Metering Infrastructure 
According to [2], a smart meter is an electronic device which saves the information about the 

electricity consumption at least every hour or even more frequently and send it to a service program for 
control and billing. Hence, a smart meter provides a connection between the meter and the control system 
and makes possible to collect more data about the energy demand. 

In Italy, the Advanced Metering Infrastructure (AMI) is currently executed by using two different 
methods. The first method is the traditional one. This solution is integrated into Distribution System 
Operators (DSO). The second one is customer-specific where DSOs work with smart meters to improve 
the energy management planning. More than 32 million of smart meters were installed in Italy during 
ENEL Automated Meter Management (AMM) program, which was named Telegestore. It started in 
2001. [11] 

2.1.4.2. Load Shedding Programs 
Load Shedding (LS) is the disconnection of loads for the load control in the electrical network. The 

load curtailment is done by automatic devices, e.g. network protection, if a frequency measurement 
reaches a previously set threshold. This remedial action leads to a power outage for consumers who are 
affected by LS. The LS is used by the network operator in critical situations. Hence, Load Shedding 
Programs release automatic LS only in case of emergency [12]. 

Participants of Load Shedding Programs can be removed from the power grid in the short term. There 
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are two types of LS programs depending on time: real-time and 15 min programs. Participants must 
utilize special units for the LS. Therefore, they receive financial compensation according to the market 
price. The LS capacity in Italy is around 13 MW [8]. 

2.1.4.3. Interruptible Programs 
Participants of Interruptible Programs must reduce their energy demand to pre-agreed value. The 

difference between Interruptible Programs and above mentioned Load Shedding Programs is that 
participants of first programs can be penalized if they do not decrease their energy consumption in time. 

The Interruptible Programs in Italy are used only in large industries and that helps to save around 
6.5 % of energy peaks [12]. Compensations for the customers, who participate in these programs, were 
determined until 2007 by the energy agency [13]. They are calculated depending on the economic 
situation in the country. In 2007 the compensation for the Interruptible Programs participants was a fixed 
sum which was chosen without any analysis of the energy market. As a result, this compensation was 
almost three times higher than the electricity costs which were saved by using the Interruptible Programs. 
Nowadays, the compensation is calculated taking into account the benefit for the Italian Transmission 
System Operator (TSO).   

2.1.5. Demand response programs in Spain 
Because of the growing utilization of the wind power in Spain, the interest in the DR use has been 

increasing in recent years [14]. There are two types of DR programs: system-led and price-led programs 
in Spain [8]. 

2.1.5.1. System-led programs [12] 
System-led programs are a classic way to manage DR in the power system. It has been more than 20 

years since large industry consumers started to choose special tariffs. The TSO in Spain, named Red 
Eléctrica de España, can require the system-led program participants to reduce their electrical 
consumption during critical events or time of demand peaks etc. from 45 min to 12 h. However, the TSO 
is obligated to inform its clients in this situation in advance. The duration and the value of energy 
consumption reduction must be previously defined by the TSO for every system-led program participant. 
Depending on this, the industry consumers receive different compensation amounts for their participation. 
Nevertheless, every load curtailment must be explained to end-users. In 2002 the Spanish TSO, Red 
Eléctrica de España, created a new Interruption Flexible Management Program in order to consider 
market aspects in system-led programs. 

2.1.5.2. Price-led programs [12] 
Price-led programs were created in Spain in order to take into account the economic situation and 

aspects of the Demand Response (DR) utilization. The purpose of these programs is to make consumers 
reduce or shift their electrical consumption in time periods of energy demand peaks. This is achieved by 
varying the electricity price. The TSO is entitled to choose time periods of the highest energy demand and 
according to this increase prices of electricity for its consumers. 

2.1.6. Demand response programs in other countries of the EU 
Other countries of the EU such as Sweden, Austria, Belgium, Denmark, Finland, Greece, Ireland, 

Luxembourg, the Netherlands, and Portugal are interested in the DR utilization as well. They created 
different research projects, in order to analyze a possible influence of the DR on the power grid in their 
countries, and programs for a real DR utilization. 

The Advanced Metering Infrastructure (AMI) is currently being used. in Sweden. Swedish DSO has a 
successfully experience in the DR program implementation [15]. 

Because of the growing use of renewable sources, the power grid in Belgium often utilizes DR. In 
2013, a fully automatic load shedding was implanted by some electricity users in Belgium. 

2.2. Demand response in Germany 

Germany utilizes already now a huge amount of renewable energy in its power grid, more than 80GW. 
In the nearest future this number will just increase. According to Federal Ministry for the Environment, 
Nature Conservation and Nuclear Safety (BMUB) in Germany, the renewable energy use should reach 
around 30 % of the power supply in 2020 [16]. 

However, such fast installation of renewable energy sources leads to different challenges in the 
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electrical network. One of them is accruement of strong fluctuations in the generation. Still the generation 
and load must be balanced when renewable sources dominate. In this case, the use of the Demand 
Response (DR) could be a good method to keep the power grid stable. 

2.2.1. Operating reserve for the frequency control in Germany 
The operating reserve is an energy capacity in the power grid which can be used by the network 

operator to keep the balance between the power generation and demand in case of energy fluctuations. 
Therefore, short-term power adjustments of controllable power plants can be realized. Power plants, 
which can be run up very fast, and pumped-storage power plants can be utilized for this purpose. 
Alternatively, electricity customers can be disconnected from the power grid. Usually, these methods are 
only possible for a limited time. 

2.2.1.1. Frequency control in the European Union 
To keep the frequency stability, the frequency control, which includes three main control types 

(primary, secondary and tertiary), is utilized in Europe. 
Primary control: The primary control is used to compensate imbalances between the physical power 

generation and demand in order to restore the stable frequency in the power grid. The available power 
reserve for the primary control is dependent on the size of the electrical network and its topology. In the 
European wide area synchronous grid (UCTE) approximately 3000 MW of active power is available for 
the primary control [17]. Each network operator of the interconnected system must provide during 30 
seconds 2 % of its current generation as a primary control reserve. In addition, not every power plant, e.g. 
wind farms, photovoltaic systems, etc., can be involved in the primary control. Independent of the 
fluctuation area in the European power system the current frequency changes in the entire electrical 
network. 

Secondary control: The secondary control must restore the balance between the physical power 
generation and demand as well as the primary control. In opposite to the primary control, the secondary 
control observes only the situation in the respective control area including the power exchange with other 
control areas. By monitoring the power network frequency it must be ensured that the secondary and 
primary control always work in the same direction. Both control types can start at the same time. 
According to the requirements of the UCTE, the secondary control process must replace the primary 
control after maximal 15 minutes. Therefore, the primary control is available again. 

Tertiary control: The tertiary control (minute reserve) is an economic optimization. Since 2012, the 
minutes reserve is retrieved automatically from the Merit Order List Server (MOLS) [18]. The available 
minutes reserve power must be completely provided during 15 minutes. Conventional power plants or 
other generation units, and controllable loads can be used in this process. 

2.2.2. Load shedding in Germany 
By the nominal frequency of 50 Hz the generation and consumption are balanced including power grid 

losses. Deviations from the nominal frequency between 49.8 and 50.2 Hz are usually compensated by 
primary, secondary and tertiary control operating reserves. If a fault exceeds the maximum primary 
control reserve, the frequency can sink or rise above the tolerance limits. In the case of an underfrequency 
in Germany, with the value of 49 Hz, the automatic load shedding is activated using so-called 5-step plan 
(Table 1) to restore the power system balance. 

The basis for the selection of the automatic load shedding volume is an annual peak load, which is 
measured as a vertical load at transfer points to the transmission network. Only in agreement with the 
responsible transmission network operator (TSO) the distribution network operators (DSOs) can install 
frequency relays and parameterize them in such way that the required percentage of this reference load 
can be cut off according to the 5-step plan. 

 
 
 

Table 1: 5-step plan according to Transmission Code [19] 

Stages Measure 

Stage 1: 49,8 Hz Alarm, storage pump shedding 

Stage 2: 49,0 Hz Load shedding 10 - 15 % of the network load 
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Stage 3: 48,7 Hz Load shedding 10 - 15 % of the network load 

Stage 4: 48,4 Hz Load shedding 15 - 20 % of the network load 

Stage 5: 47,5 Hz Power plant cut-off 

2.2.3. Secondary and tertiary ancillary services in Germany 
In Germany ancillary services in the Demand Response (DR) include three types: primary, secondary 

and tertiary. Primary ancillary service in the DR is closed to the frequency control in the power grid and 
includes the already mentioned load shedding measure which is used to keep the balance between the 
power demand and generation. The secondary and tertiary services are related to operating reserves which 
are used for the secondary and tertiary control of the network frequency. 

The secondary and tertiary reserves in the electrical network normally need around 2500 MW each in 
both directions to use the DR. Germany is a unique country for this purpose. On one hand, the energy 
demand must be reduced if there is not enough generation, on the other hand, the demand must be 
increased if there is too high generation from renewable sources. 

Hence, Germany has a big potential for the DR which is not used very often. The German government 
is only starting to interest in possibilities of the DR utilization. In addition, electricity customers must  
apply for a permission by electric supply providers in order to take part in the DR. Furthermore, the 
contracted demand could be easily exceeded if customers provide the negative DR. In this case they must 
pay fees. Finally, the utilization of natural gas power plants in the ancillary services slows the DR 
implementation in the German power grid. [20] 

Nevertheless, provider of the DR services e.g. EnerNOC [10] are already very active in the German 
energy market. Hence, the DR utilization in Germany should strongly increase in the near future. 

3. The potential of controllable loads in the distribution power systems on the example of Germany 

The flexibility of electrical loads and their transformation into an active power grid element will have a 
high importance for future power systems because of an increasing number of decentralized generation 
plants. The shift of part of the electrical consumption from one period to another can help to integrate 
optimally the high number of weather-related energy infeed from wind and photovoltaic into the electrical 
network. Thereby, technical and economic boundary conditions which influence the usable potential must 
be taken into account. 

Before the DR utilization in the network planning and especially in the network operation, analyses of 
each load which takes part in the DR must be done in order to reach a high accuracy of demand shifting to 
ensure the network security. 

The important prerequisite for the DR use is a high degree of the consumer acceptance because an 
active or passive change in the energy consumption of customer leads to a necessary adaptation of the 
usual consumption pattern [21]. To provide these consumption processes following DR criteria have to be 
taken into account [22]: 

·  Interruptibility of a process 
·  Reactivation of a process 
·  Relocatability of a process. 

3.1. Consumer technology overview 

3.1.1. Household 
There are two typical types of household appliances such as refrigerators and washing machines with a 

high market penetration. Nevertheless, they cannot be used in the DR because of their working principle. 
Refrigeration systems have a very periodic behavior. Their power consumption is dependent on the 
interior temperature and cooling level which is chosen by each user. In addition, the turning-on of a 
refrigeration system is still dependent on factors of the direct temperature compensation with the 
environment e.g. opening the interior space and the insulation quality. To reduce the power consumption 
of a refrigeration system the temperature can be changed on condition that the functionality of the 
appliance is not limited. 

The power consumption of a typical washing machine is dependent on the washing program status and 
because of this, washing machines have non-periodical behavior as well as refrigeration systems. 
Therefore, the working process of a washing machine should not be interrupted in order to avoid a higher 
energy consumption. 
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In recent years the utilization of electrical systems has been increased in the area of private heating 
rebuild. In particular, the heat pump use has an increasingly important role because of government 
funding. In today's households oil-fired heating systems are still underrepresented compared to fossil-
fueled systems. However, the utilization of electrical heating systems should grow significantly before 
2030. Around 1.48 million of heat pumps until 2020 and around 3.5 million until 2030 will be installed in 
Germany [23]. In combination with a sufficient thermal storage there is a significant DR potential in the 
area of the electrical heating [22]. 

The consumers with thermal storage capacity (group 1) and with a non-interruptible start process, 
which can be shifted, (Group 2) are able to shift the energy consumption without significant limitations 
(Fig. 2). 

The identified household appliances which can be used for the DR can be classified as program-driven 
(with thermal storage, group 1) and task-driven (start at a defined time, group 2) [24] (Fig. 2). This group 
of household appliances amounts approximately 54 % of the total energy consumption. The remaining 
share is so-called user-driven household appliances e.g. lighting and multi-media systems, which are 
unsuitable for the DR utilization according to the selected criteria and a direct feedback by the load 
change on the consumer. 

 
Fig. 2: Household loads which can be used in the DR 

3.1.2. Industry, commerce und service 
The second consumer group includes Industry, Commerce and Service (ICS) which power 

consumption is about 24 % of the gross electricity demand in Germany. The main applications of ICS 
[25]: 

• Marketing 
• Office companies 
• Catering industry 
• Manufacturing operation 
• Schools, universities 
• Agriculture 
• Baths 
• Hospitals 
• Building industry 
• Textile+ Clothing+ Forwarding companies 
• Baking industry 
• Butcher's shops 
• Airports 
• Horticulture 
• Laundries 
• Rest food industry. 

The large share of the gross electricity consumption is used for lighting (approximately 40 %) which is 
not suitable for energy demand shifting. The proportions between the ICS types vary from 10 % in the 
baking industry to about 65 % in educational institutions. The importance of communication as a further 
application area within the scope of the DR increases. The energy share has increased to more over 35 % 
especially in communication and data processing in office companies. The average share is already about 
17 % [25]. 

There are four processes types (applications) of the DR: 
• Process refrigeration/air conditioning 
• Process heating 
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• Mechanical energy (excl. compressors for air conditioners) 
• Electrical heating. 

 
The electrical supply of refrigeration in the process technology or air conditioning represents about 

10 % of the gross electricity demand in the ICS area (status of 2010) [25]. Cold stores e.g. offer a 
possibility of energy demand shifting due to the inherent storage capability because of the enclosed air 
and the closing walls as well as the stored products. DR can be also utilized in food retailing because of 
increasing of frozen products sales. The number of refrigeration units increases, which are already 
equipped as composite systems with a higher power consumption and extra storage [26]. The average 
duration of their use is 14 h to 18 h per day, what enables a load shifting over a long period. 

The area of the electrical heat supply is becoming important mainly in the process heating, but also in 
the space heating (around 8.5 % of the gross electricity consumption, status of 2010) [25]. A driving force 
in this process is the growing fuel costs and government funding for suitable heating systems. If the 
systems are equipped with a sufficient daily storage (charging time 8 h) [26], a shift of the recharge over 
several hours is technically realizable. However, the potential of these loads is strongly dependent on the 
user consumption behavior. The storage can overheat in summer but the needs cannot be completely 
covered in winter. This should be considered by planning the DR utilization. 

3.1.3. Electromobility 
The transport represents approximately 28 % of the final energy demand in Germany and thus a 

significant number in terms of CO2 emissions reduction and fuel requirement [27]. This is a driving force 
in the development of electric vehicles (electric vehicles and hybrids) which can lead to a significant 
increase of the net electricity consumption mainly regional at medium and low voltage levels. Because of 
a possibility to load the electric storage as well as to feed energy back into the power grid, there is great 
potential for the DR use. Until 2030 the expected number of electric vehicles varies around 10 million 
based on different studies. 

Electric vehicles are in an early stage of its development. Their market maturity is linked to two main 
parameters. The available battery technology provides a limited distance typically from 100 to 120 km 
depending on the use of further consumers and the vertical profile of the driving distance. Furthermore, 
the low maintenance costs cannot compensate the high investment costs for the battery system during the 
service life of an electric vehicle compared to a conventional vehicle [28]. 

The mentioned economic aspect is a basis for the development of new commercial models which can 
generate additional compensations for the vehicle battery use as a decentralized energy storage in the 
power grid [29]. This process is called vehicle-to-grid concept [30]. According to this approach, the saved 
electric energy should fed into the electrical network during periods of a low renewable generation in 
order to keep the power network stability. 

According to different studies, there will be 1Mio. electric vehicles in 2020 and 10Mio - in 2030 in 
Germany. Whereby, electric vehicles will be probably used only as a second car [31]. Hence, their 
kilometrage will be typically 15,000 km/year. This corresponds to an annual energy consumption of about 
3,000 kWh by an average consumption of 20 kWh per 100 km. Consequently, Germany's gross electricity 
demand will increase by about 5 % compared to 2010 (600 TWh). Assuming an average charging 
capacity of 3.7 kW in 2020 and 7.3 kW in 2030 the maximum power consumption will be 3.7 GW resp. 
73 GW. Therefore, the battery storages of electric vehicles can be used as short-term storages with a high 
aggregate power consumption. 

3.2. Interpretation of the results 

The analysis of different loads in the household and ICS show that there are significant DR potentials 
by today's energy consumption in the electrical network even now. In particular, the thermal processes, 
which are characterized by mostly continuous operation and their storage capacity, are very important for 
the DR use. In the ICS area the systems which provide the process refrigeration (such as cold stores) and 
heating (as steam) have the largest DR potential which is maximum 10 GW. 

The further development of possible load shifting is characterized by the increasing electrification of 
providing of the heat energy and air conditioning as well as by the expected increase of the electric 
vehicles number. The load capacity for shifting will be 34.7 GW in the household and 11.5 GW in the 
ICS area until 2030. The industrial energy consumption will increase only a little compared to 2010 
because of an energy efficiency rise and a hesitant expansion of heat pumps and room air-conditioning 
systems. 

4. Conclusion 
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Because of a high energy consumption, growing power grid complexity and renewable energy 
utilization the demand response (DR) use is becoming a very important issue for the power grid 
operation. Critical situations in the electrical network which accrue because of the imbalance between the 
power generation and energy demand, further building of extra power plants which are operated just 
during energy consumption peaks can be avoided by using DR. Moreover, DR can also reduce carbon 
emission in order to decrease environment pollution. 

Therefore, different demand response programs have been created worldwide in order to implement 
DR methods in the power network operation. The European Union has a huge potential in the DR 
utilization. Hence, it is also becoming very active in the process of the DR implementation. Several 
European countries such as the United Kingdom, France, Italy, Spain and Ireland have already started and 
are going to organize many DR programs. 

In addition, Germany is a unique country in the EU which has a very big potential for the DR use. It 
already utilizes a huge amount of renewable energy and its amount will just increase. However, this 
process causes strong fluctuations in the generation. The DR can be a good method to avoid such 
fluctuations. Unfortunately, DR is still not used very often in Germany. But this situation can be changed 
very fast in the nearest future because German network operators are becoming very interested in the DR 
utilization. 
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Abstract 

We are presenting “PREDIS MHI” smart building platform for learning and research in the field of 
micro-grid. This platform is in GreEn-ER building, which is a new building in the centre of the eco-city 
in Grenoble, France.  
 
Keywords: green building, smart building, smart micro-grid, energy efficiency, user centred building, living lab. 

1. Introduction 

1.1. Buildings energy figures 

Based on 2014 energy key figures reports from IEA (International Energy Agency) and 
ADEME (French Agency for Environment and Energy Management), the building sector is 
still the main energy consumer worldwide. It is more especially the case in France with 40% 
of the total final energy consumption, which is divided into electricity (37%); gas (32%), oil 
(16%), renewable (15%) and coal (0.4%) as we can see it in Figure 1 
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Figure 1: Final energy consumption in buildings in France 

The impact of buildings consumption in the electricity sector is much more important since it 
represents 65% and it is still increasing since years ( 
Figure 2). 
These figures are evidences that buildings are a main topic of interest regarding sustainability 
and energy. 

65%

T
W

h

 

Figure 2: Building electricity consumption evolution in France since 1970 

1.2. Smart building  

Heating building correspond in France to the main consumption part as it can be seen 
with the strong correlation of consumption with temperature (Figure 3). 
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Figure 3: Correlation between temperature and electrical consumption in France – Gradient of daily 
consumption in France in GWh/day as a function of the average temperature in France (in °C) 

 
In Figure 4, while consumption reductions have been obtainded for heating thanks 

insulation improvement, the specific electricity is increasing a lot. This part is nowadays a 
big challenge for passive building where summer comfort becomes critical. 

 

Evolution tendency
of residential energy consumption /m²

Specific electricity

cooking
Hot water

Heating
TOTAL

Specific electricity :
• Lighting
• Computer,

Home cinema…
• Appliances

352 kWh/m²

186 kWh/m²

 
Figure 4: Evolution tendency of residential energy consumption /m² in France 

 

GWh/day 

~50 GWh/day increase per °C decrease 
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Figure 5: What a smart building has to manage 

2. Energy efficiency in GreEn-ER 

2.1. A new building for learning and research 

GreEn-ER is a new building in Grenoble. 

 

Figure 6: GreEn-ER  building  
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Some figures: 
� A 6 floors building with 4500 m² space per floor for platforms teaching / research 
� 2000 people welcomed in the building, including 1,500 students. 
� 1 research laboratory 
� 2 restaurants (a brasserie and a university restaurant) 
� 500m2 of space at the Library 

 
GreEn-ER is hosting master level training, for students of “Energy, Water and 

Environmental Engineering School” (Grenoble INP ENSE3), International master "Electrical 
Engineering for Smart Grids and Buildings" and open to other formations (industrial design, 
architecture school, ...). 

GreEn-ER has a modern architecture as well as very good performances and high 
requirement in terms of management and sobriety in consumption of energy and water. 
Total primary energy consumption will be less than 2200 MWh / year which correspond to 
110 kWh/m2. In France, a multiplication factor of 2.58 is applied on electricity consumption 
to compute primary energy. 
The energy to build GreEn-ER, including concrete structure, insulation, etc. has been 
approximated to 25 000 MWh  

2.2. Building micro-grid 

In GreEn-ER, PREDIS-MHI is 600 m² platform energy systems (Figure 7), has been 
specifically designed to reach zero energy building, and to study building or neighbourhood 
autonomy.  

 

Figure 7: PREDIS MHI, production and storage 
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Energy systems are for instance dual flow ventilation with high efficiency recovery and with 
low temperature supply (Figure 8): 
� heating: 30/25°C (occupation/inoccupation) 
� cooling: 19/23°C (occupation/inoccupation) 

Exhausted air

recovery

exchanger

Heating/Cooling water

Summer : 19/23°C

Winter : 30/25°C

Energy

meter

Fresh air

 

Figure 8: HVAC system 

20kW of photovoltaic panels installed on vehicles roof, and other are planned to be 
installed on the building roof. Other electrical productions are available in PREDIS platform 
such as a fuel cell and combined heat & power (CHP) which is also able to heat our platform. 
Storage capabilities have also been installed with electrical vehicles, and laptop rooms. A 
50kWh stationary battery will be added. 
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Figure 9: PREDIS MHI micro grid structure. (LC: Local Controller, CC : Central Controller, LM : Local Monitor) 
 
Optimal control solutions based on predictive models will be tested in this platform. 

Solving the problem of demand response requires determining a generation and a 
controllable load demand policy that minimizes, over a planning horizon, an objective 
function subject to economic and technical constraints. This policy is used as reference for 
the voltage and frequency control in microgrid real-time operation.  

Load demand can be classified by priority and type as critical: 
�  Critical load demand: has to be full supplied all the time, otherwise, it will cause 

deficit in the system. 
�  Reschedulable load demand: has a particular characteristic of being able to be 

allocated across a range of time. 
�  Curtailable (shedable) load demand: may have the power supply cut, as a non-priority 

load, if necessary.  
�  Diffuse load demand: is a new concept made to deal with a thermic load demand, 

having the diffuse effect or the pre-diffuse behavior. It could be turned off while the 
price is high and turned on, recovering the heat while the price is lower, or to cut the 
load peak. 

 
In Tenfen 2014 [1], we have solved the energy management using a deterministic mixed-

integer linear programming problem, where the planning horizon is 24 hours with one-
minute time steps.  

3. Real time energy management 

In our platform, several hundred measuring points and control have been set up such as 
HVAC, dimmable lighting, blind, electrical plug consumption measure and switch… 
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These measures and commands are accessible through the building network infrastructure 
and the internet. Its communication protocol is web service based enabling interoperability. 
History is accessible by SQL request. 

Many devices are added from the delivered building such as wireless sensors (433MHz, 
ZigBee, EnOcean, DeltaDore). In SmartGreen 2014, Abras [2] has presented the 
interoperability framework that we have developed in order to manage this interoperability 
through web-services (Figure 10) 

 
Figure 10: Sensor/actuators interoperability framework  

The BMS (building management system) is able to present information to users and energy 
operator such as zoning with temperature (Figure 11), electrical distribution and photovoltaic 
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production (Figure 12).

 
Figure 11: GreEn-ER SCADA: Zoning 

 
Figure 12: GreEn-ER SCADA: electrical distribution 

4. Conclusions 

This platform can be used in the ELECON project in order to produce data in “Intelligent 
Data Mining and Analysis” (IDMA) IEEE subcommittee (http://sites.ieee.org/psace-idma) 
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Abstract 

Two of the most important characteristics of a Smart Grid are: a) working optimally, i.e., using the 
optimal topology and using optimally all available resources in order to minimize the overall planning 
costs; b) the capability to adapt itself to a contingency, for instance, a load increase/decrease, a fault 
(automatic repair or removal from service the component in an outage situation, etc). In these cases the 
reconfiguration of the distribution system must be performed to reroute supplies of energy to sustain 
power to all customers. This paper proposes a deterministic method based on DC Optimal Power Flow 
for distribution network reconfiguration with high penetration of distributed generators when a fault 
occurs. A case study based on a real 201-bus distribution network located in Zaragoza, Spain is 
presented to illustrate the application of the proposed method. 
 
Keywords: Distribution network reconfiguration, Optimal power flow, Distributed generators, Non-supplied power. 

1. Introduction 

Three dominant factors are impacting future electric distribution systems: governmental, 
customer needs, and new intelligent computer software and hardware technologies. In 
addition, environmental concerns are driving the entire energy system to efficiency, 
conservation, and renewable sources of electricity. 
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Customers are becoming more proactive and are being empowered to engage in energy 
consumption decisions affecting their quotidian. At the same time, energy needs are 
continually expanding. Consumer behavior changes will include extensive use of electric 
vehicles, remote control of in-home appliances, ownership of distributed generation from 
renewable energy sources, and energy storage. The availability of new technologies such as 
distributed sensors, two-way secure communication, advanced software for data 
management, and intelligent and autonomous controllers has opened up new opportunities 
for changing the distribution energy system. 

Today, the distribution network is transforming and evolving into a faster-acting, 
potentially more controllable grid than in the past, the so-called “Smart Grid” (SG) [1][2][3]. 
In this context new digital and intelligent devices will be incorporated in the distribution 
networks. These new devices will allow two way communications, providing an opportunity 
for new control schemes and algorithms [1][2]. 

A distribution system in a Smart Grid context must have the following characteristics [4]: 
• Flexible: the rapid and safe interconnection of distributed generation, energy 

storage and other distributed energy resources; 
• Predictive: use of machine learning, weather impact projections, and stochastic 

analysis to provide predictions of the next most likely events; 
• Interactive: appropriate information regarding the status of the system is 

provided not only to the operators, but also to the customers; 
• Optimized: knowing the status of every major component in real or near real 

time and having control equipment to provide optional routing paths provides the 
capability for autonomous optimization of the flow; 

• Secure: considering the two-way communication capability of the Smart Grid 
covering the end-to-end system; 

• Self-healing: automatic repair or removal from the service the component, in a 
potentially outage situation or in outage situation, and reconfiguration of the 
distribution system to reroute supplies of energy to sustain power to all 
customers. 

Distribution networks are normally meshed in design but operated radially. Their 
configuration may be varied with manual or automatic switching operations with diverse 
goals such as supplying loads at the minimum cost, increasing system security and reliability 
and enhancing power quality [5][6]. Reconfiguration consists in changing the status of 
sectionalizing and tie-switches so that the network becomes radially operated. 

This paper proposes a deterministic method base on DC Optimal Power Flow for 
distribution network reconfiguration in presence of a fault. To illustrate the application of the 
proposed method, a case study based on a real 201-bus distribution network located in 
Zaragoza, Spain [7] considering high penetration of distributed generators is presented. 

This paper is organized as follows: Section II explains the method proposed for 
distribution network reconfiguration with a fault occurrence. Section III presents the case 
study and the discussion of the obtained results. Finally, in Section IV, the most relevant 
conclusions are presented. 
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2. Proposed Method 

This paper proposes a method for distribution networks reconfiguration with high 
penetration of distributed generators in order to minimize the expected non-supplied power 
cost in presence of a fault. Figure 1 presents the scheme of the proposed method. 

 

Fig. 1. Diagram of proposed method 

The proposed method has three main aspects, which are presented in more detail as 
follows: 

2.1. Input data 

All network data with all energy resources and load information (at time of fault 
occurrence) as well as the fault location are the main basis of the proposed method.  

2.2. DC optimal power flow 

Base on DC optimal power flow, a mixed integer linear programming is developed 
(equations (1)-(6)) and applied in order to identify the better topology for the distribution 
network after a fault occurrence. The main goal is to maximize the reliability, which is 
presented in the form by minimizing the expected non-supplied power (ENSP). The 
objective function is subject to all DC optimal power flow constraints, which include the 
technical constraints. The objective function to be minimized is: 

• Non-supplied power cost 

Minimize C ⋅ FOR
i j

⋅ S
i j

ij=1

NE

∑  (1) 
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The objective function in equation (1) is subject to the following technical constraints: 
• Power balance 

 

Sgeni
i=1

N

∑ + Sij
ij=1

NE

∑  − Sji
j i=1

NE

∑ − L j = 0   (2) 

 
• Generation limits 

Sgeni
min  ≤ Sgeni  ≤ Sgeni

max   (3) 

• Thermal limits of distribution lines 

Si j  ≤ Si j
max  × yij   (4) 

 
Power flow in distribution lines is characterized by double direction between buses, but in 

the operation of this kind of networks only one of the directions should exist. Constraint (5) 
shows this idea.  

 
• One direction for the power flow 

yij + y ji  ≤1  (5) 

 
• Radiality condition 

yij
j =1

j∈N

∑   (6) 

where,  

NE   Total number of lines 

Sij   Apparent power between bus i and bus j 

FORi j   Forced outage rate for line ij  

Sgeni   Apparent power produced in bus i 

L j   Load in bus j 

Sgeni
min   Minimum apparent power generated in bus i 

Sgeni
max  Maximum apparent power generated in bus i 

yij   
Binary decision variable associated with the 
distribution line ij 

yij
j   

Binary decision variable to connect distribution 
line ij to bus j 
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N   Total number of buses 

C  Non-Supplied Power cost (€/kVA) 

2.3. Output results 

As outputs the model will present the new network radial topology (without the network 
component in fault state) and also the power flow through the lines and the resources 
selected to supply the network. The new value for the expected non-supplied energy is also 
obtained. 

3. Case Study 

The proposed method has been tested on a real 201 buses distribution network adapted 
from [7]. This network is a 11 kV system with three feeders, one substation, 201 buses, and 
168 load points. In this case study occurs a fault in period 13 of a summer day. The total load 
in this period is 15,245 kVA. Also, this network has 119 generation units (1 substation, 4 co-
generations, 1 small hydro, 1 biomass, 30 winds and 82 photovoltaic). MATLAB with 
TOMLAB Optimization Environment [8] has been used to develop the reconfiguration 
problem based on DC optimal power flow. The solver used in this case study is the CPLEX. 
The cost for the non-supplied power is 3€ per kVA. 

A computer with one processor Intel Core i7 1,7GHz, 8GB of Random-Access-Memory 
(RAM) and Windows 8.1 Professional 64-Bit Operating System was used for this case study. 

Figure 2 depicts the diagram of the 201 buses distribution network [7]. The substation unit 
it is in bus 201. All buses have switches that can open or close in order to make the network 
radial in operation. Table 1 presents the apparent power of the load. Figure 3 presents the 
normal operation of the 201-bus distribution network in radial topology. This operation 
condition is for period 13 which have the active resources presented in Table 2. The ENSP 
for this period is 126 kVA. 
 

Table 1. Active resources in normal operation 

Bus Resource 
Power 
(MVA) 

Bus Resource 
Power 
(MVA) 

19 Biomass 0.3559 128 Co-generation 1.2000 
21 Wind 0.0400 131 Wind 0.0160 
26 Wind 0.0160 140 Wind 0.0080 
29 Wind 0.0400 141 Wind 0.0400 
34 Wind 0.0400 142 Wind 0.1201 
67 Wind 0.0160 143 Wind 0.0160 
70 Wind 0.0400 151 Wind 0.0160 
79 Wind 0.0400 154 Wind 0.0400 
80 Wind 0.0400 155 Wind 0.0080 
81 Wind 0.0040 172 Wind 0.0160 
85 Wind 0.0160 174 Co-generation 0.0438 
104 Wind 0.0400 201 Substation 13.0249 
106 Wind 0.0080 Total 15.2450 
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A fault in line 20-56 occurs in period 13, and at the same time the model (1) - (6) runs. 

The problem starts with the meshed design of distribution network which is obtained by 
considering all switches closed. After 0.712 seconds the model presents the new radial 
topology with the fault isolated. Figure 4 depicts the new radial topology, which presents 138 
kVA for ENSP. Table 3 presents the active resources in this fault condition. It is possible to 
see that some resources when compared with the normal operation are now actives. Also, the 
power supplied by substation grows 4.53%. Table 4 presents a comparison between the 
normal state and fault state results, and it is possible to see an increase of the ENSP. This 
increase corresponds to a 9.52% in expected non-supplied power. 
 
 
 
 
 

Table 2. Load Data for Period 13 

Bus 
Apparent 

Bus 
Apparent 

Bus 
Apparent 

Bus 
Apparent 

Bus 
Apparent 

Bus 
Apparent 

Load Load Load Load Load Load 
(kVA) (kVA) (kVA) (kVA) (kVA) (kVA) 

2 135 39 107 71 134 101 132 136 94 165 41 
5 127 40 135 72 43 102 79 137 9 166 171 
6 57 41 78 73 132 103 86 138 135 168 23 
7 92 42 64 74 54 104 216 139 39 169 87 
9 135 44 135 76 55 105 135 140 61 170 23 
10 135 45 135 77 49 106 61 141 170 171 30 
11 86 46 135 78 91 107 42 142 351 172 114 
12 55 47 96 79 147 108 24 143 117 173 135 
13 75 48 86 80 216 110 86 144 22 176 135 
14 79 50 135 81 23 111 135 145 105 177 216 
17 86 51 135 82 135 112 42 146 42 179 86 
18 33 52 135 83 3 113 135 147 92 180 91 
19 14 54 47 84 58 114 30 148 56 181 59 
21 216 55 135 85 114 115 71 149 86 182 135 
22 86 56 14 86 23 120 88 150 135 183 71 
23 86 57 86 87 23 121 274 151 113 184 96 
24 86 58 55 88 23 123 55 152 67 185 91 
25 135 60 67 89 6 124 55 153 86 187 186 
26 116 61 79 90 23 125 55 154 216 190 146 
28 86 62 135 92 23 126 55 155 62 191 23 
29 270 63 86 93 20 127 55 156 135 192 23 
30 86 64 106 94 135 128 86 158 3 193 23 
31 86 65 134 95 129 129 135 159 1 194 23 
32 50 66 86 96 8 130 69 160 58 195 23 
33 134 67 114 97 71 131 117 161 216 197 23 
34 216 68 58 98 54 132 135 162 11 200 58 
35 135 69 63 99 18 133 86 163 143   36 86 70 190 100 86 134 86 164 18   
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Fig. 2. Single-line 201-bus distribution network [7] 
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Fig. 3. Radial topolology normal operation in period 13 for 201-bus distribution network 
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Fig. 4. Radial topolology operation in period 13 for 201-bus distribution network with a fault in line 20-56 

Table 3. Active Resources in Fault Condition 

Bus Resource 
Power 
(MVA) 

Bus Resource 
Power 
(MVA) 

32 Photovoltaic 0.0043 155 Photovoltaic 0.0086 
54 Photovoltaic 0.0043 160 Photovoltaic 0.0086 
98 Photovoltaic 0.0043 165 Photovoltaic 0.0043 
108 Photovoltaic 0.0043 168 Photovoltaic 0.0043 
114 Photovoltaic 0.0043 170 Photovoltaic 0.0043 
125 Photovoltaic 0.0043 171 Photovoltaic 0.0043 
126 Photovoltaic 0.0043 174 Co-generation 0.0438 
128 Co-generation 1.2000 175 Photovoltaic 0.0043 
139 Photovoltaic 0.0043 181 Photovoltaic 0.0086 
140 Photovoltaic 0.0086 198 Co-generation 0.1683 
142 Wind 0.1201 201 Substation 13.6100 
146 Photovoltaic 0.0043 

Total 15.2450 
148 Photovoltaic 0.0086 

Table 4. Active Resources in Fault Condition 

Normal State Fault State 

ENSP  
(kVA) 

ENSP Cost 
 (€) 

ENSP  
(kVA) 

ENSP Cost 
 (€) 

126 378 138 414 

4. Conclusions 

This paper proposes a deterministic method for distribution networks reconfiguration 
aiming the minimization of non-supplied power cost. The proposed reconfiguration method 
is based on a DC optimal power flow model and it is developed in TOMLAB Optimization 
Environment. The presented method leads to significant advantages, since it ensures the 
optimal solution to the problem in real time. The execution time to present a new topology 
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while minimizing the expected non-supplied power cost is 0.712 seconds. The execution 
time is an excellent indicator that this method performs well when applied to a large smart 
grid system, giving a solution in acceptable time. The method proved to be adequate to 
support the distribution network operator for the reconfiguration of the distribution systems. 
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Abstract 

This paper presents a method based on Fuzzy Inference Systems (FIS) to forecast solar intensity. FIS are usually used 
to solve regression tasks in diverse application contexts. The Fuzzy Rule-Based Systems (FRBS) package is a library 
implemented in R language, which comprises several methods used to solve regression and classification tasks. The 
Hybrid Neural Fuzzy Inference System (HyFIS) is used in this work, and the forecasting results achieved by using 
this method are compared to the results obtained from the application of other widely used methods for regression 
problems, namely Support Vector Machines (SVM) and Artificial Neural Network (ANN). The evaluation of the 
achieved results using real data from Florianopolis, Brazil, shows that the performance of HyFIS is superior to that of 
ANN and SVM, thus providing encouraging indicators of the potential of this approach in solving the problem of 
forecasting of solar intensity. 

 
Keywords: Artificial Neural Networks; Hybrid Neural Fuzzy Inference System; Solar Forecasting; Support Vector Machines  

1. Introduction 

Despite its importance for the existence of life on earth and human beings health, the sun is nowadays 
a source of clean energy and can contribute to reduce the difficulty in fulfilling the energy demand. 
Photovoltaic (PV) and solar thermal are the main sources of electricity generation from solar irradiance. 
In the case of solar thermal energy plants with storage energy system, its management and operation need 
reliable predictions of solar irradiance with the same temporal resolution as the temporal capacity of the 
back-up system [1]. The development in the power semiconductor technology has allowed higher 
efficiencies in the conversion of solar energy into electrical energy trough photovoltaic cells [2] and PV 
systems have reached the end-user. The spread of PV technology took place and nowadays is being used 
in several buildings to generate electricity.  

The increase on the use of renewable energy sources (RES) affects the behavior of a considerable 
number of entities from the electricity sector and imposes economical and technical challenges. This is 
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mostly due to the distributed nature of RES and variability and unpredictability of generation. Solar 
energy is clearly the most abundant resource available to modern societies. Usually summer months, such 
as July and August in the northern hemisphere, have smaller variability. However, even during some 
sunshine months sudden changes might occur. The variability of the solar resource is mostly due to cloud 
cover variability and atmosphere conditions [1]. Forecasting renewable resources is, thereby, an important 
matter from the producers, retailers, aggregators, system operators and market regulators and operators’ 
point of view [3]. 

Due to its particular characteristics, several approaches are usually used to forecast solar intensity, 
namely physical models [4], time series analysis [5], and other forecasting algorithms, such as reviewed 
in [6]. Despite the relevant developments that have been achieved so far, the amount of data that is 
nowadays available to be used by forecasting algorithms, together with the variability of the associated 
information, and the necessity for correlating different types of data from different sources, makes the 
most typically used approaches unable to cope with the current needs. In order to enable a breakthrough 
in the field, hybrid methodologies that combine the best features of different approaches, are arising as a 
promising solution. 

This paper introduces a methodology based on Hybrid Neuro Fuzzy Inference System (HyFIS) [7] to 
solve the problem of solar intensity forecasting, by studying the fluctuations in solar intensity in different 
periods. With this approach it is possible to recognize patterns, which enable strategic support in reducing 
the inherent risk in the industry. Such tools are very important for entities that are especially dependent on 
unpredictable resources. To be able to assess the performance of the method, results of the proposed 
HyFIS methodology are compared with the results of other forecasting methods, namely based on 
Artificial Neural Networks (ANN) and Support Vector Machines (SVM), which have been presented and 
evaluated in [8]. The experimental findings consider a case study based on real solar data from a period of 
ten years, measured in Florianopolis, state of Santa Catarina, Brazil. 

After this introductory section. the rest of the paper is organized as follows. In section 2, the used 
forecasting methodologies are described, namely Fuzzy Inference System (FIS), ANN and SVM. Section 
3 introduces the proposed HyFIS methodology for solar intensity forecasting. Section 4 presents some 
experimental findings that enable evaluating the performance of the proposed HyFIS, using real solar 
intensity data from Florianopolis, Brazil. Finally Section 5 concludes the paper by providing a discussion 
on the efficiency of the HyFIS methodology and its comparison to the other considered forecasting 
approaches: ANN and SVM.  

2. Solar Forecasting 

Achieving solar forecasts with satisfactory results is a difficult task due to the diversity of climatic 
factors [6]. Forecasts are crucial to anticipate necessary actions, in order to maximize the energy 
production resources management. Using this data it is possible to recognize some patterns that allow the 
extraction of critical information, which are used to predict the solar intensity trends. These patterns are 
the needful background to support solar dependent producers in their decision making tasks. Solar 
forecasting can also be a determinant factor for investment in this area, since it can reduce the 
unpredictability of the environment, for industrial or small producers. Additionally, the investment in 
clean energy is becoming more relevant to the environmental balance, since the world is facing a resource 
scarcity problem, with special emphasis on fossil fuels [3]. 

Given these factors, several studies have been performed using forecasting methods, in order to 
identify the solar intensity trends throughout the days in different seasons. Among these methods, 
algorithms based on SVM and ANN achieved results with a satisfactory error rate.  

ANNs are artificial networks with the ability of learning, training simulation and predicting data [9]. 
ANNs are composed by several layers, where the first layer receives input values, the last layer is the 
output layer which provides the results, and the intermediate layers are called hidden layers. These layers 
are responsible for detecting features in the input data. This technique works with three types of data: 
training data to adjust the model parameters; test data to test the model; and validating data to avoid 
training excess. 

SVM [10] is a supervised learning algorithm used for classification and regression problems. SVM is 
based on decision boundary defined on decision planes for a set of objects of the same membership class. 
These are separated from others that belong to another set. The separation of planes has the purpose of 
finding unseen patterns and minimizing the classification error. For example, giving a set of training input 
xi and the decision values yi, between -1 and 1, the objective is finding the best separation of plane, 
resourcing to the equation  for minimizing the distance between the two class memberships. 
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FIS [11] are systems based on fuzzy logic, which resort to the fuzzy set theory to map input data to 
output data. In the mapping, the fuzzification process is applied over the input data and a set of IF-THEN 
fuzzy rules are created. The fuzzification process uses a membership function to convert data inputs into 
normalized values and create fuzzy sets. Fuzzy sets are groups of linguistic values with an associated 
numeric interval. Fuzzy IF-THEN rules aim to perform patterns identification and decision support to 
help solving real world problems. FIS also concider a defuzzification mechanism to convert fuzzy sets 
into the output values. FIS methods are a good tool in the context of RES forecasting, since they are 
designed to handle a large number of environment variables. 

HyFIS is an improvement of regular FIS, which uses heuristic fuzzy logic rules and input-output fuzzy 
membership functions that can be optimally tuned from training examples by a hybrid learning scheme 
comprised of two phases: rule generation phase from data; and rule tuning phase using error 
backpropagation learning scheme for a neural fuzzy system [12]. HyFIS has already been applied in 
several works, and it is often used as a basis for developing other methods. In [13] the T2-HyFIS-Yager 
model is introduced, developed as improvement from HyFIS-Yager-gDIC. This technique combines the 
original HyFIS network with Gaussian Discrete Incremental clustering (gDIC) to create a more consistent 
and intuitive framework to emulate human reasoning in a decision-making mechanism. The T2-HyFIS-
Yager is a type-2 hybrid neural fuzzy inference system realizing Yagar inference for learning and 
reasoning with data about corrupted noise. The proposal of T2-HyFIS-Yagar is applied in time-series 
forecasts to model the signal-to-noise ratio [13]. The Noise Model Creation (NMC) is presented in [14]. 
This work refers to learning techniques for noise patterns that use HyFIS in a learning engine. The Hybrid 
ARIMA-HyFIS Model is presented in [15], and considers a hybrid model based on Auto-Regressive 
Integrated Moving Average (ARIMA) models and HyFIS to tune and prevent univariate time series. The 
application of HyFIS to forecast solar intensity is presented in section 3. 

3. Proposed HyFIS methodology 

The HyFIS method has been proposed in [7], and implements an architecture based on the Mamdani 
model. This is a neuro-fuzzy method composed by a five layers neural network based on fuzzy systems. 
The knowledge acquisition scheme of HyFIS is composed by two phases named structure learning and 
parameters learning. 

The structure learning uses the Wang and Mendel (WM) technique to generate fuzzy rules from 
numeric input data, which are read only once. This technique avoids the time spent in the learning process 
as it happens with the conventional neural networks. 

The parameters learning uses a gradient descent based learning algorithm to tune the membership 
functions’ parameters to achieve a good performance level. This phase is composed by a five layer 
network. Each layer is composed by several nodes which associate a part of the system. Layer 1 nodes 
receive a vector with crisp values. Layer 2 nodes contain the antecedent part of the IF-THEN fuzzy rules. 
In this layer, each node receives two crisp values from Layer 1 and uses them as parameters in a Gaussian 
membership function to convert it into linguistic variables. Layer 3 contains nodes where each represents 
a fuzzy rule with the t-norm operator AND. Nodes in this layer calculate the firing strength of each fuzzy 
rule. Each node in Layer 4 represents the consequent part of a fuzzy rule and performs the OR operation. 
In this layer the output values are represented by the Gaussian function. Layer 5 produces a vector with 
the output values. 

In this work, the FRBS library of R programming language has been used. This library contains an 
implementation of several methods that apply the concept of fuzzy logic, which have been proposed in 
[16], to represent, handle and solve real world problems through reasoning representation extracted by 
human experts in a set of IF-THEN rules. FRBS methods combine various existing approaches, such as 
heuristic procedures, neuro-fuzzy techniques, clustering methods, generic algorithms and square methods. 
FRBS is represented by a universal framework named frbsPMML. PMML is a XML based language 
which provides a standard for description of models produced by data mining and learning algorithms. 
This facilitates the importation and exportation of data from a FRBS model to frbsPMML. 

The arguments used by the implemented HyFIS are presented in Table 1. An explanation on how these 
arguments are used, and on their contribution to the outcomes of the forecasts are also provided. 
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Table 1. Arguments list and their description to configure HyFIS method 

Arguments Description 

data.train 

A matrix (m x n) with crisp values for the training process, where m (rows) is the number of 
instances of a data series, or a set of parameters. n (columns) is the number of variables inside 
each instance. The last column contains the result of the combination of the variables of each 
instance. 

num.lables 
A matrix (1 x n) where n is the number of linguistic variables and each one has associated a 
numeric interval with a classification. 

max.iter 
An integer value representing the maximum number of iterations, i.e. the number of cycles 
used in the training process. The default value is 10. 

type.tnorm 

A constant that represents the type of t-norm to be used. The valid values are inside the 
interval of [1..5]: 

• 1 or MIN, is the standard t-norm: min: (x1,x2); 

• 2 or HAMACHER Hamacher product: (x1+x2)/(x1+x2-x1 x2); 

• 3 or YAGER class Yager: 1-min: (1,((1-x1)+(1-x2))); 

• 4 or PRODUCT bounded product: (x1+x2-x1*x2); 

• 5 or BOUNDED delimited product: max (0,x1+x2-1). 

type.snorm 

A constant which represents the type of s-norm to be used. The valid values are inside the 
interval of [1..5]: 

• 1 or MAX standard s-norm: max(x1,x2); 

• 2 or HAMACHER Hamacher sum: (x1 + x2 - 2x1 * x2)/1 - x1 * x2); 

• 3 or YAGER Yager class: min(1,(x1 + x2)); 

• 4 or SUM sum: (x1 + x2 - x1 * x2); 

• 5 or BOUNDED buonded sum: min(1,x1 + x2). 

type.defuz 

A constant which represents what defuzzification method to be used: 

• 1 or WAM weighted average; 

• 2 or FIRST.MAX first maxima; 

• 3 or LAST.MAX last maxima; 

• 4 or MEAN.MAX mean maxima; 

• 5 or COG means modified center of gravity (COG). 

type.implication.func 

A value that represent the type of implication function: 

• DIENES_RESHER(b > 1 - a?b∶ 1 - a); 

• LUKASIEWICZ (b < a?1 - a + b∶ 1); 

• ZADEH (a < 0.5||1 - a > b?1 - a∶ (a < b?a∶ b)); 

• GOGUEN (a < b?1∶ b/a); 

• GODEL (a <= b?1∶ b); 

• SHARP(a <= b?1∶ 0); 

• MIZUMOTO (1 - a + a * b); 

• DUBOIS_PRADE (b == 0?1 - a∶ (a == 1?b∶ 1)); 

• MIN (a < b?a∶ b). 

The performance of forecasts is assessed using the Symmetric Mean Absolute Percent Error (SMAPE) 
error measurement method. SMAPE determines the performance of forecasts by calculating the mean of 
absolute error in percent. The SMAPE is calculated as shown in the equation (1), where At is the real 
value and Ft is the forecasted value. 
  

 
 
(1) 
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4. Experimental Findings 

This case study aims to verify the performance of HyFIS algorithm in order to ensure that it can 
overcome the already studied algorithms ANN and SVM. For this study were considered real data from 
Florianopolis, Santa Catarina, Brazil, for the period between 1990 and 2000. The data includes 
information about Global, Direct, Diffuse and Extra-terrestrial Irradiance, in W/m2; temperature in ºC; 
humidity in %; and wind speed in m/s. More details in the used data can be found in [17]. 

The first step of this study is the optimization of the HyFIS algorithm through the identification of the 
most appropriate parameters for the desired type of forecast. For this purpose several forecasts were 
performed with different combinations of parameters. After sensitivity analysis, it was possible to 
conclude that the best parameters to use are the parameters presented in Table 2. In can also be concluded 
that most parameters have a minimal influence in the variation of the results, except for a few parameters, 
which significantly compromised the quality of results.  
 

Table 2. HyFIS’ arguments and respective values 

Arguments Value 

num.labels 7 

max.iter 10 

step.size 0.01 

type.tnorm MIN 

type.snorm MAX 

type.defuz COG 

type.implication.func ZADEH 

In the particular case of the max.iter parameter, which relates to the maximum number of iterations, 
the default value was the one with the best combination of results/runtime. With regard to the step.size 
value, its decrement did not make a significant impact in the results as it is only necessary to obtain 
accurate results with up to two decimal places and that is safeguarded using the value 0,01. 

After determining the best configuration to be used by HyFIS, the period to simulate the three 
algorithms has been selected. The hourly solar intensity during a complete week has been selected as 
experimental target, specifically the week of 27/11/2000 to 03/12/2000. 

The target of the forecasts is the value of Global Irradiance (GI). The training data has a training limit 
of 20 given that this value was responsible for the best forecasts for each algorithm, making it possible to 
test the algorithms with the same level of knowledge. The training data’s input consists of the GI value in 
the four days preceding the day of output value in the same period. For example, if it is desired to forecast 
the GI value in the period 12 of day 27/11/2000, the first training case will consist of the GI value in the 
period 12 of 26/11/2000 as output, and the value of GI in the period 12 of the days between 22/11/2000 
and 25/11/2000 as input.  

Initially, another approach was tested, in which, the GI value in the last four periods prior to the period 
intended to be forecasted was considered instead of considering the GI value in the same period of the 
previous four days. However, this approach resulted in a higher error by the three algorithms. 

Finally, after the algorithms optimization phase, the final forecasts have been executed, returning the 
results presented in Table 3, which shows the comparison of the forecasting error using SMAPE, between 
the HyFIS, the ANN and SVM; and Fig. 1, which shows the graphical comparison between the 
forecasting error values achieved by the three methods throughout the test week. 

Table 3. SMAPE forecasting error for the HyFIS, ANN and SVM for the complete test week 

Algorithm Average Error 

HyFIS 14,78% 

ANN 16,62% 

SVM 18,86% 
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Fig. 1. Comparison between the daily average forecasting error achieved with HyFIS, ANN and SVM  

 
Table 3 shows the average error of each algorithm throughout the test week. These results show that 

HyFIS is the algorithm with the smallest average percentage error, with 14.78%, followed by ANN with 
16.62% (+ 1.84%) and finally SVM with 18.86% (+ 4.08%). The average daily SMAPE error of each 
algorithm can also be seen in Fig. 1, from which is visible that HyFIS presents lower error values in 
almost every day of the considered week (4 out of 7 days). The days when the HyFIS did not present the 
best result (28, 29 and 30 November) coincided with the days when the methods had a smaller difference 
between their forecasts, being the 29th the day on which the forecasts were closer. It is also possible to 
verify that the SVM algorithm has its biggest forecasting error, and greater distance from the other 
algorithms, in the last three days. 

Fig. 2 shows the comparison between the real solar intensity values in all periods of day 1 and the 
values forecasted by the three algorithms. This comparison allows analyzing of how much distanced the 
different forecasts are from the real values.  

 

 

Fig. 2. Algorithms’ forecast results versus real data 
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As can be seen from Fig. 2, the real GI value in the considered day is greater than 0 between the 6th 
and 19th periods, which are the periods of sun’s exposure. The trend of the GI value is to go up until the 
period 12nd/13rd and go back down until the 20th period when the sun goes down. By analyzing the 
figure it is possible to check why the HyFIS had the lowest forecasting error in this day, given that its line 
is the one that is closest to the real and being extremely close throughout most of the hours of the day. 

From this case study, HyFIS has proven that it is possible to overcome the results obtained by ANN 
and SVM algorithms, whose efficiency has been proven in previous works. The errors for these last two 
algorithms is superior to HyFIS error, as presented in Table 3. 

 

5. Conclusions 

Achieving more efficient forecasting algorithms is a crucial factor for the solar energy production 
industries development. These algorithms are the main source of decision support systems, which can be 
used by producer entities to get the best conditions for the business, as well as for management entities, 
which need reliable forecasts to assure a correct operation. 

The FIS methods are particularly effective prediction mechanisms when inserted in complex 
environments, in which there is a large number of variables, which makes them very useful tools in the 
solar branch prediction. The study presented in this paper is based on the application of an HyFIS, one of 
the most promising FIS methods, to the solar intensity forecasting problem.  

The presented case study has shown that the difference between the forecasting error of the proposed 
HyFIS methodology and ANN is approximately 2%; and 4% between HyFIS and SVM, for the 
considered test week. Therefore, it is possible to identify that the HyFIS algorithm can overcome the 
ANN and SVM and take another step towards improving the proximity of forecasts to the real values. In 
addition, the HyFIS leaves a good indication that it can be able to distance itself more of ANN and SVM 
when performing the analysis with a greater time period in which the error tends to increase and 
consequently the difference between the algorithms as well. 

As future work, other FIS methods can be studied and compared with these results. Namely, adaptive 
neuro-fuzzy inference system (ANFIS), dynamic evolving neural-fuzzy inference system (DENFIS), 
Wang and Mendel’s fuzzy rule learning method, and genetic fuzzy rule-based systems under the iterative 
rule learning approach. 
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Abstract 

In a near future, the house management systems should be significantly increased making more 
complex system. The total consumption, distributed generation, electric vehicles and the participation 
in demand response programs should be managed in an effective way by house management systems 
with most important objectives: consumption efficiency, the energy bill minimization, and the required 
comfort levels according with operation context. The operation of the house management systems 
should provide support to the grid operator through the participation in demand response programs. 
The paper presents two application systems in testbed laboratory that allow the simulation of the end 
consumer in research activities of Research Group on Intelligent Engineering and Computing for 
Advanced Innovation and Development in Portugal and Smart Grid and Power Quality Laboratory in 
Brazil, namely, the SCADA House Intelligent Management and Load Emulator respectively. The 
application systems are able to participate in demand response programs to reduce the electricity 
consumption based in interaction with an external entity. 
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1. Introduction 

Smart Homes (SH) can be defined as a house which comprises a network communication 
between all devices of the house allowing the control, monitoring and remote access of all 
application and services of the management system. The advanced functions should be 
included in management system, such as the management of electric vehicles, the interface 
with external operators, security functions, health care prevention, among others [1], [2], [3]. 
Otherwise, a home to be considered smart should include three main elements: the internal 
communication network that can be implemented in different ways: wire/wireless, 
dedicated/shared and/or low voltage/high voltage (Power Line Carrier), home automation 
composed by actuators and sensors devices that allow the controlling and monitoring of the 
house, and intelligent control systems [4]. The intelligent control systems are all the systems 
able to read sensors information, to process this information in an intelligent way, and to 
send control actions to the actuators. 

Figure 1 presents a model of a SH developed to manage the energy usage of a domestic 
consumer considering the micro-generation, the storage systems, the connection with the grid 
and the control of smart appliances. 

 

 

Fig. 1. Model of the Smart Home system for energy management [5]  

In the new vision, the SH systems should be extended to integrate external 
communications to interact with services aggregators and utilities, and the automatic 
participation in Demand Response (DR), making decisions according these interactions. In 
DR events, the house management system should reduce the electricity consumption based 
not on internal information, but on the interaction with an external entity [6]. 

All of the energy resources of the domestic consumer should be considers in a House 
Management System (HMS), namely, the management of the electrical consumption, the 
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micro-generation units, the electric vehicles and the consumer participation in the DR 
programs. To improve the performance of the HMS systems, it is necessary to include the 
ability to autonomously acquire knowledge about the user’s behavior adjusting the 
consumer’s profiles according the preferences during the management process improving the 
global system performance, and also the consumers comfort [7], [8]. The improvement of the 
HMS systems will be very important to the control of devices during a DR event in order to 
reduce the electricity consumption without changing a lot the comfort levels [9]. 

The present work focuses on two application systems in testbed laboratory that allow the 
simulation of the end consumer in research activities of Knowledge Engineering and 
Decision Support Research Center in Portugal and Smart Grid and Power Quality Laboratory 
in Brazil, namely, the SCADA House Intelligent Management and Load Emulator 
respectively. The application systems are able to participate in DR programs to reduce the 
electricity consumption based in interaction with an external entity. A survey of existing 
studies in the literature of house management systems developed by several authors is also 
performed in this work to better understand the complexity of the management systems in 
end consumers with participation in DR programs.. 

The first section presents the introduction of the paper. Section 2 presents the application 
of the demand response programs in the house management systems context according with 
existing studies in the literature. Section 3 shows the models develops in Portugal and Brazil 
in research activities with laboratory application. Finally, Section 4 presents the main 
conclusions of the work. 

2. Demand Response in house management system context 

The present section includes house management works developed to the participation of 
domestic consumers in DR programs and shows some examples of DR programs applied in 
domestic consumers. 

A House Management System (HMS) is developed to address the user´s active 
participation and the contribution for a better efficiency of the system to manage the 
domestic consumer energy [10]. Actually, several HMS solutions are proposed for 
companies and organizations although some barriers to the massive use of HMS. 
Nevertheless, the barriers represent opportunities to the development of new methodologies 
to integrate in the HMS including the participation of domestic consumer in DR programs. 

In the future power systems the DR programs can be an important energy resource. 
Actually, the industrial and large commerce consumers are the main focus of the DR 
programs. However, small consumers, including the domestic consumers, allow more 
flexible response in DR events [11]. 

In the context of HMS, the participation in DR events is an important functionality in the 
future management system of small consumers. The DR functionality allows taking 
monetary advantages directly depending on the type of DR program. The future HMS should 
be able to automatically manage DR events considering the consumers’ point of view, 
regarding the consumption/prices off sets, and the loads preferences [12]. 

To try to develop adequate programs for different situations, several types of DR 
programs have been proposed by different systems operators. The Direct Load Control 
(DLC) programs one of them. In [13] is developed the Energy Management Controller 
(EMC) system to control some loads of a SH considering DR programs. The structure of the 
system is presented in Figure 2. In this way it is possible to turn off the loads defined 
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according with the DR programs. In this case, the user has a DLC contract to participate in 
DR programs. Also it is presented in [14], the load curtailment in the DR programs where the 
program can vary between 15 minutes and more than 5 hours. 

 

 

Fig. 2. Intelligent management system of a house with grid communication [13] 

Another type of DR programs and the most popular ones is the Time-of-Use (TOU) 
programs. According with higher electricity price the TOU program encourage consumers to 
decrease the consumption [15]. Figure 3 presents the existing communications in intelligent 
management system for the house energy developed by [15]. 

 

Fig. 3. Communication structure of HMS system [15] 

The participation in DR programs can be managed by the curtailment service provider 
(CSP), an aggregator entity. One of the distinct characteristics of the CSP is the ability to 
manage the participation of several consumers in DR events, making some guaranties to the 
system operators, and providing services to the consumers. 

In [16] it is proposed a communication architecture composed by different layers, 
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considering a layer to implement the interface between the HMS, and the system operator 
energy management system (EMS). The loads management was implemented in another 
layer using a mixed-integer programming in order to minimize the operation costs 
considering the DR opportunities. A default priority loads and consumption limits in the 
house use is proposed in [17]. 

Other application is presented in [18], an intelligent multi-objective energy management 
system (MOEMS) is proposed for a domestic consumer equipped with smart appliances 
(washing machine, dishwasher, tumble dryer and electric heating) to participate in DR 
programs. In the simulation results, the MOEMS system allows to reduce residential energy 
use and improve the user's comfort by optimal management of power consumption and 
generation. 

In [5], it is developed an optimal dispatching model of Smart Home Energy Management 
System (SHEMS) including intelligent residential loads and micro-generation resources. The 
multi-objective optimization is based in control strategies with DR participation adjusting the 
parameters of optimal dispatching model in this system. The model is applied in domestic 
consumer photovoltaic system, wind turbine, storage battery and TOU prices according with 
DR program. The energy management system and optimal dispatching model obtain good 
results for the smart home live in a comfortable and economical way. 

To reduce peak consumption and to increase the efficiency of the power grid, the DR and 
dynamic retail pricing of electricity are important contribution in a smart grid context. DR 
allows to reduce electricity consumption and consequently, the energy costs for domestic 
consumers. In this context, the work presented in [19] develops a control strategy for the 
Heat and Ventilation Air-Conditioning systems (HVAC) to respond to real-time prices for 
peak load reduction. The work proposes the Dynamic Demand Response Controller (DDRC) 
that allows change the set-point temperature of the HVAC systems according with electricity 
retail price changed each 15 minutes. Also it is developed a detailed single family house 
model using OpenStudio and Energyplus. The DDRC system applied in residential HVAC 
systems allow to reduce the consumption and energy bills only with a single variation in 
thermal comfort. 

The architecture of the dynamic system developed is presented in Figure 4. 
 

 

Fig. 4. Architecture of dynamic DR controller [19] 
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3. Models of Demand Response application systems: Portugal and Brazil approach 

The present section explains the house management platform developed in Polytechnic of 
Porto, Portugal (sub-section 3.1) and the load emulator developed in Polytechnic School - 
University of São Paulo, Brazil (sub-section 3.2). Both systems have the capacity for the 
participation in DR programs with main goal to reduce total consumption of the end 
consumers according with real data of loads and generation resources. 

Figure 5 presents the countries of the developed systems with important functionalities to 
participate in DR programs, simulation of an end consumer and use of real data to 
determinate consumption profiles. 

 

Fig. 5. Application systems developed in each country to participate in demand response programs  

3.1. SCADA House Intelligent Management platform – Portugal 

The Research Group on Intelligent Engineering and Computing for Advanced Innovation 
and Development (GECAD), located at the Institute of Engineering – Polytechnic of Porto 
(ISEP/IPP) develops a testbed platform with the main goal of testing, simulating, and 
validating new algorithms and methodologies to apply into house/buildings’ management. 
SCASA House Intelligent Management (SHIM) has real equipment such as several types of 
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loads, distributed generation (photovoltaic panels, wind generator), and storage systems that 
allow the simulation of the electric vehicles’ behavior. 

Figure 6 presents the architecture of the SHIM platform composed by three parts with 
different modules, 

 

Fig. 6. General diagram of SHIM platform developed in GECAD [6] 

Each module is composed by algorithms to be used in different situations, namely the Data 
acquisition, the Actuators, and the Intelligent Applications: 

• In the data acquisition part, four sub-modules are included, namely the sensors, the 
user interfaces, the external communications, and the internal functions. The sensors 
module aggregates all types of sensors and meters in the house, and also in the 
devices inside the house. The user interfaces module allows the communication with 
different platforms, namely Windows, Android, and touch panels using the Modbus 
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or TCP/IP protocol. The external interface allows the system remote access and the 
interaction with service providers’ entities (in the existing platform this interaction is 
simulated in the MASGriP platform) [20]. The DR events are introduced in the 
system through this module. The internal functions module integrates several 
functions in the SHIM system, such as the time synchronization. In the proposed 
methodology, the time synchronization is important to run the optimization algorithm 
each minute. The internal functions module also integrates a negotiation function used 
to evaluate the participation in DR events, and a data acquisition function to 
determine comfort levels, the system efficiency, the estimated energy bill or the 
detection of abnormal functioning devices. 

·  A database was included to store all the information provided by other modules. 

·  The part of the actuators integrates all types of interfaces with real hardware, namely 
digital actuators, the analog actuators, inverters, motor drives, among others. This 
module also includes the internal network management considering different 
protocols. 

·  The intelligent applications part integrates all the advanced functions in SHIM 
systems, namely the identification of the context, the definition of priorities, learning 
algorithms, the users’ profiles identification, and the resources’ management. The 
modules also need information on the equipment’ functioning characteristics, and the 
actual status of each device. A trigger allows detecting new events to run all the 
algorithms. If the event was an order given by the user, the event trigger sends this 
order directly to the actuators, and in a second step, it sends the order to be processed 
by other modules. If the event was a DR program, for example, the system does not 
need to execute any control action before the information is processed. With this 
mechanism, SHIM avoids delays between orders and actions. 

3.2. Load Emulator – Brazil 

The Smart Grid and Power Quality Laboratory (NAPREI/ENERQ), located at the 
Polytechnic School - University of São Paulo (USP) aims to develop a testbed system with 
the main goal of simulating and validating consumption characteristics of end consumers 
through a Load Emulator allowing the participation in DR contracts. To the Load Emulator 
can be added micro-generation profiles according real resources presents in laboratory such 
as, photovoltaic systems in micro-scale. 

Figure 7 shows the main modules to represent the functions of the Load Emulator and the 
communication with measurement centers of the grid and also the SCADA systems. 

The Load Emulator has two important modules, External and Internal interface with 
different functions. At the top of the figure are shown the following grid systems: 

·  Distribution Management System (DMS): DMS is to monitor and control the 
distribution network. The application has open computing environment and can be 
configured to be integrated in SCADA systems. 

·  Meter Data Collector (MDC): MDC is to collect data from meters and transfer to the 
MDM. To collect data the meters use the MESH or GPRS communications. 

·  Meter Data Management (MDM): MDM is software of the measuring center 
management. The system allows obtaining the information for billing. 
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The External Interface is used to allow the communication between the Load Emulator 
and the grid status. The External Interface has three sub-modules with the following 
objectives: 

 
·  DR programs: This function allow save the DR contracts of the end consumer with 

grid operator. In this case, the DR contracts can be based on the price or based on the 
incentives. The participation in DR programs can be achieved by aggregating entity, 
the public service entities, or by a regional network operator. 

·  Energy Price: This function is primarily important for DR programs based on price 
allowing emulator to know the price of energy at the moment. 

·  Smart Meter: This feature allows to know total consumption of the emulator. 
Therefore it is possible for the consumer and the service provider, to know for 
example, if the consumer is meeting with the limits of consumption that exists in 
some DR programs. Also, it can be added the total generation in the case of the 
consumer with micro-generation. 
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Fig. 7. General diagram of Load Emulator developed in NAPREI/ENERQ 

The Internal Interface of the Load Emulator is used to allow the simulation of the load 
according with consumption real data or, in the case of the consumer with micro-generation, 
the simulation of the generation. The Internal Interface has the following functions: 
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• Load/generation profile (voltage, current and power): Allow to know the profile for 
each resource (load or generation). 

• Load/generation state (on/off, power): Allow to know the actual state for each 
resource where it is possible to change the state, for example, to reduce the total 
consumption to participate in DR events. The function allows controlling all resources 
as turn on or turning off, and/or reducing or increasing. 

• Total consumption: Allow to know, according with individual consumption of each 
load, the total consumption of the end consumer. This value is communicated with 
smart meter of the external interface. 

• Total generation: Allow to know, according with micro-generation (photovoltaic 
and/or wind), the total generation of the end consumer if exists this capacity. This 
value is communicated with smart meter of the external interface. 

• Time/hour: Obtain the date and hour of the simulation scenario in emulator. 

• Communication with Load Emulator: Through this communication is possible to 
emulator know the consumer state (loads and micro-generation units), its current 
consumption and production, the state of the all loads and generation resources. 

• External data: Through this feature it is possible to introduce values of consumption 
and generation for the loads and generation resources respectively. So as to create a 
scenario, for example for 24 hours (event generator). The values used will be based on 
real data. 

The Load Emulator is a simulator of the end consumer in a laboratory and depends 
directly of the Internal Interface data to define the power profiles. The module of the Load 
Emulator has the following functionalities: 

 
• Load Type Definition: The function is used to select the load type of the end 

consumer (domestic, Small/Medium/Large commerce or Medium/Large industry) 

• Intelligent module: This module will allow the emulator manage existing resources, 
for example loads. In moments when power consumption is limited by DR programs, 
the emulator can optimize consumption (function in optimizing the implementation of 
the priorities of each developed load). 

To enable the connection between the Load Emulator and two interfaces (internal and 
external) is important develop an efficient and secure communication with main 
characteristics: 

 
• Internal Interface Communication: The communication with internal interface is used 

to obtain the load/generation resources data. To the communication it can be used the 
TCP/IP protocol. 

• External Interface Communication: The communication with external interface is 
used to define the DR contracts, to obtain the energy prices and to communicate with 
the grid the energy/power measurement. To the communication it can be used the 
TCP/IP protocol. 
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4. Conclusions 

The paper exposes the house management systems developed by several researchers’ 
activity presented in literature to allow the participation on demand response programs. The 
main goal to the participation of the end consumers, particularly domestic consumers, in 
demand response programs is to obtain a consumption reduction in context with the 
operation grid. In other words, this capacity of the house management systems supports the 
grid operator in the management of the grid. 

The paper presents two application systems of different countries enabling the interaction 
between the power consumption of the end consumer with grid through participation in 
demand response programs. Both systems are performed in laboratory and use real data 
information to obtain more realistic results. It can be adapted for end consumer with 
integration of micro-generation system allowing the management at the same time of 
consumption and generation power. In the case of Portugal, the Research Group on 
Intelligent Engineering and Computing for Advanced Innovation and Development develop 
the SCADA House Intelligent Management. In the case of Brazil, the Smart Grid and Power 
Quality Laboratory develop the Load Emulator. 

The two proposed systems are especially useful for simulation of the end consumer 
according real data profiles enabling the tests of the participation in demand response 
programs in a grid context. 
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Abstract 

With increasing of the energy consumption in the last years, the residential sector represents an 
important part of the overall consumption in the developed countries. Several approaches have been 
proposed, with emphasis on Smart Grids and Microgrids concepts, to obtain an effective participation 
of the consumers. For the better management of domestic consumers, the Smart Home management 
systems have been developed in the scope of Smart Grids concepts. At the same way, Smart Home 
provides more adequate and efficient interaction between the network operator and the consumers 
allowing the monitoring and a better control of the appliances inside the house. 
The paper presents an optimization algorithm to participate in DR programs considering the loads, 
micro-generation and grid connection. The method is applied in loads and real micro-generation 
profiles from University of São Paulo and from Polytechnic of Porto. 
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1. Introduction 

In the new electrical networks operation paradigm, consumers will be seen as active 
resources with capability to manage their energy consumption, energy generation, and 
energy storage systems like presented in Figure 1. To implement this vision, several 
approaches have been proposed with the main focus on the concepts of the Smart Grids (SG) 
and Microgrids (MG) [1]. The high penetration of the distributed energy resources making 
the energy management decision more decentralized, allowing at the same time, the faster 
SG development [2]. The MG (players aggregated in small areas) allows the management of 
several consumers and distributed generation with the possibility to work in two ways: 
connected to the main distribution grid or to operate in islanded mode [3], [4]. 

 

 

Fig. 1. House with energy resources integration [5] 

The domestic consumers need to use the systems that allowing the management of the 
electrical consumption, the micro-generation units, the electric vehicles and the consumer 
participation in the Demand Response (DR) programs. All of this energy resources of the 
domestic consumer should be considers in a house management system. In the management 
of the electrical consumption are included all loads that user has in own house, some with 
consumption regulation (variables loads) and others On/Off tyoe (fixed loads). The 
distributed generations resources consider in the domestic consumer are in micro scale as, 
the wind generator, the photovoltaic panel and the combined heat and power unit (CHP) [6]. 
The electric vehicles consider can be conventional technology needing the charge of batteries 
or can be vehicle-to-grid (V2G) having the capacity to charge and discharge the batteries. 
The V2G type allows storing energy and making better use of renewable energy [7]. 

The development of the SG and MG requires the development of other new concepts such 
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as the smart meter or the Smart Home (SH). The SH can be defined as a house which 
comprises a network communication between all devices of the house allowing the control, 
monitoring and remote access of all application and services of the management system. The 
management system should include advanced functions, such as the management of electric 
vehicles, the interface with external operators, security functions, among others [8], [9]. A 
home to be considered smart should include three main elements: the internal 
communication network, intelligent control systems and home automation [10]. 

The present work focuses in an optimization algorithm to participate in DR programs 
considering the loads, micro-generation and grid connection. The method is applied in loads 
and real micro-generation profiles from University of São Paulo and from Polytechnic of 
Porto. The main goal of the method is to obtain a scheduling for all energy resources 
allowing the participation in DR programs. 

After the introductory section, Section 2 presents energy management concepts used to 
develop the active participation of domestic consumers in SG. Section 3 shows the 
optimization model developed for energy management platform. A database of photovoltaic 
micro-generation profiles in Portugal and Brazil is presented in Section 4. Section 5 presents 
a case study based on Brazilian and Portuguese scenario considering different resources in 
domestic consumers. Finally, Section 6 presents the main conclusions of the work. 

2. Energy management concepts 

The present section includes some energy management concepts in the domestic 
consumers (sub-section 2.1) and the participation of domestic consumers in DR programs 
(sub-section 2.2). 

2.1. Management systems in domestic consumers 
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Many advances were proposed in order to improve House Management Systems (HMS), 
such as the existence of integrated residential gateways [11] or the use of home internet 
network in HMS systems [12]. More features are proposed in [13], namely the use of 
wireless communication and the remote access to monitor and control house devices. The 
use of user location, user motion detection, and measurement/control devices in houses 
electricity sockets is proposed in [14], in order to determine the user´s consumption profile. 
Besides other features, this system allows turning off some devices when rooms are empty 
(without persons). Figure 2 show a structure of a SH to energy management of consumer. 

 

Fig. 2. Energy management model in Smart Home context [15] 

A HMS capable of joining the management of electricity and gas consumption is 
proposed in [16] and also addressed the user´s active participation and the contribution for a 
better performance/efficiency of the system. The electricity consumption profiles collected 
according to several factors which influence the consumption are analyzed in [17], such as 
the comfort levels or the weather. 

Currently, several HMS solutions are proposed for companies and organizations. 
However, the massive use of HMS is still not a reality. Some barriers to the massive use of 
HMS keep, for example users don’t have knowledge of the existing technologies; high prices 
of the solutions; and the weak users’ interfaces proposed. 

2.2. Participation of domestic consumers in DR programs 

The present sub-section shows some examples of DR programs. DR programs can be an 
important energy resource in the future power systems. Large consumers (industry and large 
commerce) are the main focus of the actual DR programs, but the domestic consumers can 
provide more a flexible response. The management of DR events in the HMS is an important 
challenge for future HMS, in order to take monetary advantages from the participation in DR 
events. The future house management systems should be able to manage automatically DR 
events considering the consumers’ point of view, regarding the consumption/prices off sets, 
and the loads preferences [18]. 

Several types of demand response are available being the Time-of-Use (TOU) programs 
the most popular. TOU encourage consumers to decrease the consumption in response to a 
higher electricity price [19]. The participation in DR programs can be managed by an 
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aggregator entity, for instance by the curtailment service provider (CSP). The CSP can 
manage the participation in demand response events of more than one consumer, making 
some guaranties to the system operators, and providing services to the consumers. 

Figure 3 presents a system where is possible control some loads of a Smart Home through 
Energy Management Controller (EMC) considering DR programs. In this way it is possible 
to turn off the loads defined in Smart Home by the Direct Load Control (DLC). 

 

Fig. 3. Intelligent management system of a house with grid communication [20] 

3. Optimization model developed for SCADA House Intelligent Management system 

The present section explains the house management platform developed in Polytechnic of 
Porto (sub-section 3.1) and the optimization model to be consider in the resources 
management module of the SCADA House Intelligent Management (SHIM) system with 
main goal to manage the loads and micro-generation according with the context of the day 
(sub-section 3.2). 

3.1. SCADA House Intelligent Management platform 

The SHIM system has been developed in the Intelligent Energy Systems Laboratory 
(LASIE), located at the Institute of Engineering – Polytechnic of Porto (ISEP/IPP). SHIM is 
a testbed platform with the main goal of testing, simulating, and validating new algorithms 
and methodologies to apply into house/buildings’ management. SHIM has real equipment 
such as several types of loads, distributed generation (photovoltaic panels, wind generator), 
and storage systems that allow the simulation of the electric vehicles’ behaviour. 

The SHIM platform is composed of different modules, being each module composed of 
different algorithms to be used in different situations. The modules are grouped into three 
different parts, namely the Data acquisition, the Actuators, and the Intelligent Applications 
(Figure 4): 

·  In the data acquisition part, four modules are included, namely the sensors, the user 
interfaces, the external communications, and the internal functions. 

·  A database was included to store all the information provided by other modules. 

·  The part of the actuators integrates all types of interfaces with real hardware, namely 
digital actuators, the analog actuators, inverters, motor drives, among others. This 
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module also includes the internal network management considering different 
protocols. 

• The intelligent applications part integrates all the advanced functions in SHIM 
systems, namely the identification of the context, the definition of priorities, learning 
algorithms, the users’ profiles identification, and the resources’ management. The 
modules also need information on the equipment’ functioning characteristics, and the 
actual status of each device. 

 

Fig.4. General diagram of SHIM platform [21] 

3.2. Problem formulation of model 

The present sub-section presents the problem formulation applied in the optimization for 
the participation in DR programs. The objective function to determine the resources that 
should continue in service is presented in Equation (1). The objective function depends of 
constraints and Equation (2) intends to determine the power balance. Equations (3) and (4) 
refer to the maximum and minimum limits of loads, respectively. If the load is discrete 
(On/Off), variable Max

LoadP  is equal to Min
LoadP . In this case, the decision is imposed by the binary 

variable Loadx . Equations (5) and (6) refer to the maximum and minimum limits of micro-

generation, respectively. In this case, the decision is imposed by the binary variable DGx . 
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Equations (7) and (8) refer to the maximum and minimum limits of grid connection, 
respectively. In this case, the decision is imposed by the binary variable Gridx , where the grid 
connection correspond to the power injected in the grid. Equation (9) imposes that the grid 
cannot supply and receive power at the same time. In this model, the power limit corresponds 
to the power supplied by the grid. 
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Load Load LoadP P x≤ ×  (3) 
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Load Load LoadP P x≥ ×  (4) 

Max
DG DG DGP P x≤ ×  (5) 

Min
DG DG DGP P x≥ ×  (6) 

Max
Grid Grid GridP P x≤ ×  (7) 

Min
Grid Grid GridP P x≥ ×  (8) 

0 0Grid Limitx if P= >  (9) 

 
where: 
 

DGλ  Micro-generation priority factor 

Downλ  Regulation down preference factor 

Gridλ  Grid connection priority factor 

Loadλ  Load priority factor 

Upλ  Regulation up preference factor 

nDG  Total number of micro-generation units 

nLoad  Total number of loads 
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DGx  Micro-generation binary variable 

Gridx  Grid connection binary variable 

Loadx  Load binary variable 

DG  Micro-generation index 

Load  Load index 

DGP  Active power micro-generation 
Max

DGP  Maximum micro-generation power 
Min

DGP  Minimum micro-generation power 

FixedLoadP  Total Consumption of non-controlled loads 

GridP  Active power of grid connection 
Max

GridP  Maximum injected power in grid 
Min

GridP  Minimum injected power in grid 

LimitP  Limit power of grid by DR event 

LoadP  Active power of load consumption 
Max

LoadP  Maximum load consumption 
Min

LoadP  Minimum load consumption 

DownReg  Power Regulation Down 

UpReg  Power Regulation Up 

 

4. Photovoltaic micro-generation profiles in Portugal and Brazil 

The present section illustrates the photovoltaic micro-generation profiles in two different 
countries, Portugal and Brazil, and for two different seasons of the year, winter and summer.  

For the analysis of the micro-generation profiles, the ELECON makes electricity 
consumption data available whenever confidentiality and data property issues do not prevent 
their public use. The publication of these data is being made in the scope of the IEEE 
Working Group (WG) on Intelligent Data Mining and Analysis. For the present work, it is 
considers the photovoltaic generation data available in the public data sets in 
http://sites.ieee.org/psace-idma/data-sets/#pvge. 

 

4.1. Characteristics of photovoltaic generation systems 

The photovoltaic generation in Brazil and Portugal is compared in the case study 
according with two real and installed systems. From Brazil, the energy micro-generation data 
was acquired from the Smart Grid and Power Quality Laboratory at the University of São 
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Paulo (ENERQ/São Paulo), which is composed by ten photovoltaic fixed panels. From 
Portugal, the micro-generation data were acquired from the Intelligent Energy Systems 
Laboratory, at the Institute of Engineering – Polytechnic of Porto (GECAD/Porto). One of 
the three photovoltaic systems operating in GECAD is composed by two photovoltaic 
modules with solar tracker to increase the energy generation. The two systems have the 
general information presented in Table 1 and Figure 5. 

Table 1. General information for photovoltaic installed systems in Portugal and Brazil 

Detail ENERQ/São Paulo GECAD/Porto 

Country Brazil Portugal 

Region Southeast North Coast 

Latitude -23.555877 41.179346 

Longitude -46.729518 -8.608041 

System Power 2550 Wp 400 Wp 

Type Fixed Solar tracker 

 
 

 

Fig. 5. Photovoltaic micro-generation systems for each country 
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4.2. Photovoltaic micro-generation for a winter season 

In the Public Electricity Consumption Data of ELECON it is selected the PV generation 
for southeast of Brazil database a sunny and cloudy day for a winter scenario in the Brazilian 
case. The generation profiles for this case are presented in the Figure 6 and Figure 7. 

 

Fig. 6. Photovoltaic power generation for a sunny winter day in Brazil 

 

Fig. 7. Photovoltaic power generation for a cloudy winter day in Brazil 

For the Portuguese case it is selected the PV generation of a sunny and cloudy day for a 
winter scenario. The generation profiles for this case are presented in the Figures 8 and 9. 
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Fig. 8. Photovoltaic power generation for a sunny winter day in Portugal 

 

Fig. 9. Photovoltaic power generation for a cloudy winter day in Portugal 

4.3. Photovoltaic micro-generation for a summer season 

In the Public Electricity Consumption Data of ELECON it is selected the PV generation 
for southeast of Brazil database a sunny and cloudy day for a summer scenario in the 
Brazilian case. The generation profiles for this case are presented in the Figures 10 and 11. 
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Fig. 10. Photovoltaic power generation for a sunny summer day in Brazil 

 

Fig. 11. Photovoltaic power generation for a cloudy summer day in Brazil 

For the Portuguese case it is selected the PV generation of a sunny and cloudy day for a 
summer scenario. The generation profiles are presented in the Figure 12 and Figure 13. 

  

Fig. 12. Photovoltaic power generation for a sunny summer day in Portugal 

 

Fig. 13. Photovoltaic power generation for a cloudy summer day in Portugal 
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5. Case study 

In the case study is presented the application of the optimization method to a domestic 
consumer considering the different generation and consumption profiles according with each 
country scenario (sub-section 5.1). The results of the case-study are presented for the Brazil 
case in sub-section 5.2 and for Portugal case in sub-section 5.3. 

The case study was tested on a computer compatible with 2 processors Intel® Xeon® 
W3565 3,20GHz, each one with 4 Cores, 6GB de RAM and the operating system Windows 
Server 2007 64bits. The optimization module is implemented by a deterministic approach 
based on Mixed-Integer Non-Linear programming (MINLP) implemented on the General 
Algebraic Modelling System (GAMS) platform, interfaced with the computing tool 
MATLAB® R2009 64bits. 

5.1. Scenario 

The defined scenario is based in typical domestic consumers for one region of each 
country studied. In the case of Brazil, the loads are considered for a typical domestic 
consumer of the Southeast Region (São Paulo) [22]. In the case of Portugal, it is considers 
real and virtual loads in the same simulation for a typical domestic consumer of North Coast 
Region (Porto) and according simulation platform for energy management system developed 
in GECAD. The Table 2 presents all resources and maximum power for each one in 
domestic consumers for Brazilian and Portuguese cases. 

Table 2. Resources information in domestic consumers for Brazil and Portugal scenarios 

Brazilian Case Portuguese Case 

Resource 
Maximum Power 

(W) 
Resource 

Maximum Power 

(W) 

Chest Freezer 100 Chest Freezer 100 

Refrigerator 120 Refrigerator 120 

Iron 1000 Iron 1000 

Electric Shower 2000 Vacuum 2000 

Computer 141 TV 1 138 

TV 1 138 TV 2 124 

TV 2 138 Microwave 991 

Microwave 991 Kettle 1800 

Kettle 1800 Dishwasher 2000 

Washing Machine 400 Washing Machine 400 

HVAC 500 HVAC 600 

Water Bomb 300 Water Bomb 300 
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Light 1 120 Light 1 120 

Light 2 60 Light 2 60 

Light 3 100 Light 3 100 

Light 4 60 Light 4 60 

Light 5 60 Light 5 60 

Photovoltaic 2550 Photovoltaic 400 

Grid 2550 Grid 400 

 
The main differences of domestic consumers consider in the case study are in some 

different loads, the micro-generation power capacity and consequently, the ability to inject 
power in the grid. Besides, the principal difference is in the profile and the context of each 
domestic consumer. 

In the Brazilian case, the main differences in domestic consumer are in: 
• Electric Shower with more use in the first hours of the day (between 5:00 AM and 

9:00 AM) and in the end of the work (between 5:00 PM and 10:00 PM); 

• Photovoltaic micro-generation with 2550 Wp of system capacity and the generations 
hours depends of the season and the state of the day (sunny and cloudy day). 

In the Portuguese case, the main differences in domestic consumer are in: 
• Dishwasher with more use in the hours after the dinner (between 8:00 PM and 11:00 

PM); 

• Photovoltaic micro-generation with 400 Wp of system capacity and the generations 
hours depends of the season and the state of the day (sunny and cloudy day). 

5.2. Results of Brazilian case 

The present sub-section shows the obtained results for Brazilian case. Table 3 presents the 
resources state and the priority for each resource. The resources state are considers for a 
sunny day and for a cloudy day in a summer season. According with a domestic consumer 
typical profile (represented by Initial in Table 3) for a summer day in Brazil, it is applied the 
optimization method of Section 3 at 6:00 PM with 4000 W of DR Limit. The optimization 
results are represented by Results in Table 3. The priority values change between 0 and 10, 
factor 10 being used for lower priority resources, and factor 0 for the highest priority 
resources. The red values represent the reduced loads or turned off loads. 

Table 3. Resources states and priority values for sunny day and cloudy day in Brazil case  

Resource 
Sunny Day Cloudy Day 

Initial Priority Results Initial Priority Results 

Chest Freezer 100 3 100 
 

100 3 100 

Refrigerator 120 2 120 
 

120 2 120 
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Iron 1000 9 1000 
 

1000 9 1000 

Electric Shower 2000 0 2000 
 

2000 0 2000 

Computer 141 6 141 
 

141 6 141 

TV 1 138 9 138 
 

138 9 0 

TV 2 0 8 0 
 

0 8 0 

Microwave 0 5 0 
 

0 5 0 

Kettle 1800 10 0 
 

1800 10 0 

Washing Machine 0 10 0 
 

0 10 0 

HVAC 500 3 500 
 

500 3 500 

Water Bomb 300 9 300 
 

300 9 237 

Light 1 120 9 120 
 

120 6 120 

Light 2 60 9 60 
 

60 9 0 

Light 3 100 9 100 
 

100 6 100 

Light 4 0 8 0 
 

0 5 0 

Light 5 0 8 0 
 

0 5 0 

Photovoltaic 651 0 651 
 

318 0 318 

Grid  0 0 0 
 

0 0 0 

The main results of the Brazil case are: 
·  Needed to turn off or reduce power in a higher number of loads in a cloudy day 

compared with sunny day due to the lower micro-generation power; 

·  Only the Kettle is turned off to guarantee the DR limit in the sunny day; 

·  Water Bomb power is reduced (not turned off) to guarantee the DR limit in the cloudy 
day. The Water Bomb continues to work with lower consumption; 

·  Electric Shower has the higher priority in both days and continues to work after 
optimization; 

·  The capacity to inject power in the grid (Grid) is not used because of 
overconsumption in both days. 

The general results are presented in Table 4 and Figure 14 for each day type (sunny or 
cloudy). 

Table 4. Power results with application of DR Limit compared with initial scenario in ENERQ/Sao Paulo case 

Resource 
Sunny Day Cloudy Day 

Without DR With DR Without DR With DR 

Consumption 6379 4579 6379 4318 
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Micro-Generation 651 651 318 318 

Grid Supply 5728 3928 6061 4000 

DR Limit 0 4000 0 4000 

 

 

Fig. 14. Loads power consumption influenced by DR limit in ENERQ/Sao Paulo case 

The results analyze shows in both cases that the system ensures the DR limit imposed at 
6:00 PM in Brazilian domestic consumer, in the case 4000 W. Even more, in the Sunny day 
the optimization obtain a power of the Grid Supply (3928 W) lower than DR Limit (4000 W) 
allowing reduces the power value provided by the grid beyond the imposed DR limit. In the 
case of the Cloudy day the power of the Grid Supply is equal than DR Limit. 

5.3. Results of Portugal case 

The present sub-section shows the obtained results for Portugal case. Table 5 presents the 
resources state and the priority for each resource. The resources state are considers for a 
sunny day and for a cloudy day in a summer season. According with a domestic consumer 
typical profile (represented by Initial in Table 5) for a summer day in Portugal, it is applied 
the optimization method of Section 3 at 6:00 PM with 4000 W of DR Limit. The 
optimization results are represented by Results in Table 5. The priority values change 
between 0 and 10, factor 10 being used for lower priority resources, and factor 0 for the 
highest priority resources. The red values represent the reduced loads or turned off loads. 

Table 5. Resources states and priority values for sunny day and cloudy day in Brazil case  

Resource Sunny Day Cloudy Day 
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Initial Priority Results Initial Priority Results 

Chest Freezer 100 8 100 
 

100 8 0 

Refrigerator 120 6 120 
 

120 6 120 

Iron 1000 9 1000 
 

1000 9 1000 

Vacuum 0 9 0 
 

0 9 0 

TV 1 138 9 138 
 

138 9 0 

TV 2 124 8 124 
 

124 8 0 

Microwave 0 5 0 
 

0 5 0 

Kettle 1800 9 1800 
 

1800 9 1800 

Dishwasher 0 6 0 
 

0 6 0 

Washing Machine 0 6 0 
 

0 6 0 

HVAC 600 10 0 
 

600 10 0 

Water Bomb 300 9 0 
 

300 9 0 

Light 1 0 8 0 
 

0 5 0 

Light 2 0 8 0 
 

0 5 0 

Light 3 100 9 14 
 

100 6 100 

Light 4 0 9 0 
 

0 6 0 

Light 5 0 9 0 
 

0 6 0 

Photovoltaic 296 0 296 
 

106 0 106 

Grid 0 0 0 
 

0 0 0 

 
 
The main results of the Portugal case are: 
·  Needed to turn off or reduce power in a higher number of loads in a cloudy day 

compared with sunny day due to the lower micro-generation power; 

·  Reduced power in Light 3 for a sunny day due to the lower priority compared with 
cloudy day; 

·  Needed to turn off the Chest Freezer, TV 1 and TV 2, due to the lower micro-
generation power and the higher lights priority; 

·  The capacity to inject power in the grid (Grid) is not used because of 
overconsumption in both days. 

The general results are presented in Table 6 and Figure 15 for each day type (sunny or 
cloudy). 

Table 6. Power results with application of DR Limit compared with initial scenario in GECAD/Porto case 
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Resource 
Sunny Day Cloudy Day 

Without DR With DR Without DR With DR 

Consumption 4282 3296 4282 3020 

Micro-Generation 296 296 106 106 

Grid Supply 3986 3000 4176 2914 

DR Limit 0 3000 0 3000 

 

 

Fig. 15. Loads power consumption influenced by DR limit in GECAD/Porto case 

The results analyze shows in both cases that the system ensures the DR limit imposed at 
6:00 PM in Portuguese domestic consumer, in the case 3000 W. In the case of the Sunny day 
the power of the Grid Supply is equal than DR Limit. In the other hand, the results of Cloudy 
day show the Grid Supply power obtained (2914 W) lower than DR Limit (3000 W) 
allowing reduces the power value provided by the grid beyond the imposed DR limit. 

6. Conclusions 

The paper exposes an energy management concepts according with active participation of 
the domestic consumers through Smart Home application in Smart Grid context. The paper 
presents a methodology developed for the SCADA House Intelligent Management platform 
to manage the loads and micro-generation to participation in Demand Response programs. 
The work has a special focus in the photovoltaic micro-generation profiles in two different 
countries, Portugal and Brazil, presenting a database for each one to be applied in the 
methodology developed. The case study shows the methodology application for two different 
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scenarios, Brazil and Portugal case. 
The proposed model is especially useful for energy resources scheduling when occurs a 

Demand Response event to limit the power consumption in two different contexts of 
domestic consumers. 

Acknowledgements 

The research leading to these results has received funding from the People Programme 
(Marie Curie Actions) of the European Union's Seventh Framework Programme FP7/2007-
2013/ under project ELECON - Electricity Consumption Analysis to Promote Energy 
Efficiency Considering Demand Response and Non-technical Losses, REA grant agreement 
No 318912. 

This work is also supported by FEDER Funds through COMPETE program and by 
National Funds through FCT under the projects FCOMP-01-0124-FEDER: PEst-
OE/EEI/UI0760/2014, PTDC/SEN-ENR/122174/2010, and by the Project Incentivo 
(Incentivo/EEI/UI0760/2014). 

References 

[1] K. Kok, S. Karnouskos, D. Nestle, A. Dimeas, A. Weidlich, C. Warmer, P. Strauss, B. Buchholz, S. Drenkard, 
N. Hatziargyriou, and V. Lioliou, “Smart houses for a smart grid,” in CIRED 2009. 20th International 
Conference on Electricity Distribution, 2009, pp. 1–4. 

[2] T. Hammerschmidt, A. Gaul, and J. Schneider, “Smart grids are the efficient base for future energy 
applications,” in CIRED Workshop 2010: Sustainable Distribution Asset Management & Financing, 2010, no. 
June. 

[3] B. Kroposki, R. Lasseter, T. Ise, S. Morozumi, S. Papathanassiou, and N. Hatziargyriou, “Making microgrids 
work,” IEEE Power Energy Mag., vol. 6, no. 3, pp. 40–53, May 2008. 

[4] F. Katiraei, A. Dimeas, R. Iravani, and N. Hatziargyriou, “Microgrids management,” IEEE Power and Energy 
Magazine, vol. 6. pp. 54–65, 2008. 

[5] N. R. E. Laboratory, “Energy Systems Integration.” [Online]. Available: 
http://www.nrel.gov/esi/index.html?print. [Accessed: 01-Oct-2012]. 

[6] J. Guerrero, F. Blaabjerg, T. Zhelev, K. Hemmes, E. Monmasson, S. Jemei, M. Comech, R. Granadino, and J. 
Frau, “Distributed Generation: Toward a New Energy Paradigm,” IEEE Ind. Electron. Mag., vol. 4, no. 1, pp. 
52–64, Mar. 2010. 

[7] T. Sousa, H. Morais, Z. Vale, P. Faria, and J. Soares, “Intelligent Energy Resource Management Considering 
Vehicle-to-Grid: A Simulated Annealing Approach,” IEEE Trans. Smart Grid, vol. 3, no. 1, pp. 535–542, Mar. 
2012. 

[8] S. K. Das, D. J. Cook, A. Battacharya, and E. O. Heierman, “The role of prediction algorithms in the 
MavHome smart home architecture,” IEEE Wirel. Commun., vol. 9, no. 6, pp. 77–84, Dec. 2002. 

[9] M. G. Golzar and H. Tajozzakerin, “A New Intelligent Remote Control System for Home Automation and 
Reduce Energy Consumption,” in 2010 Fourth Asia International Conference on Mathematical/Analytical 
Modelling and Computer Simulation, 2010, pp. 174–180. 

[10] B. Qela and H. T. Mouftah, “Observe, Learn, and Adapt (OLA)—An Algorithm for Energy Management in 
Smart Homes Using Wireless Sensors and Artificial Intelligence,” IEEE Trans. Smart Grid, vol. 3, no. 4, pp. 
2262–2272, Dec. 2012. 

[11] N. Kushiro, S. Suzuki, M. Nakata, H. Takahara, and M. Inoue, “Integrated residential gateway controller for 
home energy management system,” IEEE Trans. Consum. Electron., vol. 49, no. 3, pp. 629–636, Aug. 2003. 

[12] M. Inoue, T. Higuma, Y. Ito, N. Kushiro, and H. Kubota, “Network architecture for home energy management 
system,” IEEE Trans. Consum. Electron., vol. 49, no. 3, pp. 606–613, Aug. 2003. 

[13] C. Lien, Y. Bai, and M. Lin, “Remote-Controllable Power Outlet System for Home Power Management,” 
IEEE Trans. Consum. Electron., vol. 53, no. 4, pp. 1634–1641, Nov. 2007. 



3rd ELECON Workshop 

80 

 

[14] M. Lee, Y. Uhm, Y. Kim, G. Kim, and S. Park, “Intelligent power management device with middleware based 
living pattern learning for power reduction,” IEEE Trans. Consum. Electron., vol. 55, no. 4, pp. 2081–2089, 
Nov. 2009. 

[15] J. Wang, Z. Sun, Y. Zhou, and J. Dai, “Optimal dispatching model of smart home energy management 
system,” 2012 IEEE Innov. Smart Grid Technol. - Asia, ISGT Asia 2012, pp. 1–5, 2012. 

[16] Q. Liu, G. Cooper, N. Linge, H. Takruri, and R. Sowden, “DEHEMS: creating a digital environment for large-
scale energy management at homes,” IEEE Trans. Consum. Electron., vol. 59, no. 1, pp. 62–69, Feb. 2013. 

[17] Y. Si, J. T. Kim, I. Y. Choi, and S. H. Cho, “Energy consumption characteristics of high-rise apartment 
buildings according to building shape and mixed-use development,” Energy Build., vol. 46, pp. 123–131, 
2012. 

[18] M. Kuzlu, M. Pipattanasomporn, and S. Rahman, “Hardware Demonstration of a Home Energy Management 
System for Demand Response Applications,” IEEE Trans. Smart Grid, vol. 3, no. 4, pp. 1704–1711, Dec. 
2012. 

[19] Y. Ozturk, D. Senthilkumar, S. Kumar, and G. Lee, “An Intelligent Home Energy Management System to 
Improve Demand Response,” IEEE Trans. Smart Grid, vol. 4, no. 2, pp. 694–701, Jun. 2013. 

[20] C. Chen, K. G. Nagananda, G. Xiong, S. Kishore, and L. V. Snyder, “A communication-based appliance 
scheduling scheme for consumer-premise energy management systems,” IEEE Trans. Smart Grid, vol. 4, pp. 
56–65, 2013. 

[21] F. Fernandes, H. Morais, Z. Vale, and C. Ramos, “Dynamic load management in a smart home to participate in 
demand response events,” Energy Build., vol. 82, pp. 592–606, Oct. 2014. 

[22] D. S. Gastaldello and A. N. d. Souza, “Estudo de Curvas de Carga e a Influência de Características Sociais, 
Econômicas E Culturais,” in Congresso Brasileiro de Automática, CBA-2014, 2014.  

 



 
www.elecon.ipp.pt 

 

81 

 

Regulatory context of smart grids in Europe and 
Brazil: current state and trends 

Third ELECON Workshop 

University of Grenoble Alps – Grenoble Polytechnic Institute, Grenoble, France,              
November 17-18, 2015. 

Power-line communication for equipment control and 
monitoring in a Smart House context 

 

 

Jorge Tavaresa, Luis Gomesa, Kelly Duarteb, Marco Silvaa, Zita Valea, 
Rubipiara Cavalcante Fernandesb, Samuel Abreub 

aGECAD – Research Group on Intelligent Engineering and Computing for Advanced Innovation and Development, 
Institute of Engineering – Polytechnic of Porto (ISEP/IPP), Rua Dr. António Bernardino de Almeida, 431, 4200-072 

Porto, Portugal 
b Federal Institute of Santa Catarina – IFSC - DAE / Centro - Florianopolis - SC – Brazil, CEP 88020-300 

Abstract 

The last changes in the power systems made possible the integration of new concepts and agents in the 
electrical distributed network. Concepts, such as, smart grids, microgrids and smart houses will have 
big roles in the future of power systems. This paper demonstrated the use of devices to be implemented 
in smart houses for monitoring and controlling of resources/equipment. The adoption of this kind of 
devices are necessary in order to produce autonomous response for demand response events. One of the 
main problems regarding the integration of monitoring and controlling devices are the installation of 
the device that can imply wiring installation. The use of power-line communications in electrical 
resources brings highly advantages, using the existing cables in a simples an easier way. This paper 
propose a device for controlling and monitoring electrical resources. The paper presents a real 
installation of this device in GECAD laboratories for monitoring and control the ceiling lights. 
 
Keywords: Energy resources, house management system, power-line communication. 

1. Introduction 

In the last years the smart grid concept has been introduced in scientific community, this 
concept brings clear advantages for the distribution network and players (from the market to 
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the end-user) [1][2]. The application of smart grids opens the opportunity for new concepts 
and technologies, such as, microgrids, smart meters and smart houses [3]. This paper will 
focus on the smart house concept and the interaction between the loads and the house 
management system. 

The application of smart houses inside smart grid environments is a key step for success 
[4]. Some basic features are integrated audio and video, light control, heating control and 
cooling, security, entertainment and many more [5]. The users living in a smart house can 
manage and monitor their appliances, giving a better understanding of the energy use. The 
ability to manage and control equipment (especially loads and storage units) enables the 
automatic participation in Demand Response (DR) programs [6]. The use of DR programs is 
very important in a smart grid, these programs can reduce and/or shift the consumption peak 
demand [7]. Small and medium consumers can participate in DR programs, directly or using 
a service aggregator. 

Smart home technology gives a totally different flexibility and functionality than does 
conventional installations and environmental control systems, because of the programming, 
the integration and the units reacting on messages submitted through network [5]. The 
integration of resources (loads and generation equipment) in a smart house can be done: 
using new equipment that already have integration capabilities (control and communication 
protocols); or retrofitting old equipment enabling their control and monitoring. For this 
paper, it will be used old equipment that will be adapted to integrate a smart house 
management system. 

This paper is organizes as follows. After the initial introductory section, Section II will 
present SOICAM system. Section III will present the monitor device developed for this 
work. Section IV will present the results obtain. The most important conclusions of the work 
are presents in Section V. 

2. SOICAM System 

The SCADA Office Intelligent Context Awareness Management (SOICAM) was 
developed by Research Group on Intelligent Engineering and Computing for Advanced 
Innovation and Development (GECAD) and is implemented in two buildings of GECAD 
R&D group. The system was developed and implemented to monitor and control the 
installations [8]. SOICAM system is composed by two layers: the infrastructure layer that 
enables the integration of real equipment and building; and the operational layer represented 
by a computational agent that controls and manages the infrastructure using forecasting, 
optimization and scheduling algorithms for user support. 

The two building used in SOICAM had more than 30 researchers working daily. One of 
the buildings have a 7.5 kW photovoltaic generation capability, this power is injected to the 
main grid. The monitor and control of the buildings are made with a total of 6 energy 
analyzers with RS-485 connection, 1 energy analyzer with Ethernet connection and 1 
Programmable Logic Controller. One of the buildings have 1 energy analyzer connected 
through RS-485 with the energy analyzer with Ethernet connection, this configuration 
enables the outside communication without the need of a Programmable Logic Controller, or 
any other centralizer. The other building has 5 energy analyzers connected, through RS-485, 
with the Power-Line Communication - PLC (Figure 1) [9]. The energy analyzers used have 
an auxiliary port for control, these ports are connected to a relay and a step relay that allow 
the on/off control of the air conditioners. 
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At the present moment, SOICAM system operates with energy analyzers that measure and 
control sections of the building (never less than 3 offices per energy analyzer). This can be a 
limitation for the application of a more detailed and precise load monitoring and control. 

 

Figure 1. Partial Eletrical Switchboard of SOICAM. 

The next step for the SOICAM system is to control and manage the laboratories using 
individual control and monitoring. The individual control and monitor will bring a better 
understanding of the consumption loads and will allow a more suitable approach for the 
optimization algorithms that need to be executed during DR events. 

In the past, it was executed a test for individual control and monitor of the refrigerator and 
the advantages were clear [10]. The interesting results of the refrigerator give us the 
motivation to prosecute an individual monitoring and control of more and more devices. For 
the refrigerator control and monitor is used the device of Figure 2. The device is able to turn 
on and off the refrigerator, read the real-time consumption, measure the inside temperature 
and measure the outside temperature. The developed device use ZigBee communication 
protocol and provide us with more than 1 reading per minute (i.e. consumption, inside 
temperature and outside temperature). 
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Figure 2. Refrigerator board. 

3. Monitor and Control Device 

The device described in this paper use PLC in order to reutilize the energy cables that 
power the load. The PLC was developed from scratch taking into account the final 
implementation. The retrofitting of equipment can be time-consuming and expensive. One of 
the biggest problems is the installation of unnecessary wires for communication. PLC uses 
the existing power cables of the house, not been necessary the new installation of 
communication cables.  

The device communication is separated by two circuits, one transceiver and one receiver. 
The transceiver is responsible for transforming a high frequency analog signal in a 
modulated sinusoidal signal composed with the digital information that we want to send. The 
transceiver is connected directly to 230 V/AC. The development of a transceiver must 
consider the following modules: a Colpitts oscillator; a common collector amplifier; one 
ASK modulator; and a signal transformer for the 230 V/AC network interface. Figure 3 
shows the electrical schematic of the developed circuit. 

The blue area of Figure 3 shows the Colpitts oscillator, this circuit generates a high 
frequency analog signal that will be carrier wave of the information signal. The high 
frequency analog signal then passes to the common collector amplifier (green area), which 
has a low output impedance and a high current gain. The signal is then modulated using a 
ASK modulator (yellow area) and sent to the electrical house network using a signal 
transformer (red area). 
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Figure 3. Transceiver eletrical circuit 

The job of the receiver is to transform the modulated sinusoidal signal, received from the 
230 V/AC network, into a demodulated digital signal. The modules of the receiver are: a 
signal transformer; a common emitter amplifier; passive filters; one ASK demodulator; and a 
voltage comparator. Figure 4 shows the electrical schematic of the receiver. 

The signal of electrical house network is received using a signal transformer (red area of 
Figure 4). The signal is then amplified using a common emitter amplifier, represented in 
yellow area. At this point, the signal has a lot of noise originated from the electrical house 
network. The green area of Figure 4 shows multiple filters capable of cleaning the signal to a 
point where is possible to retrieve the maximum amplitude of signal. Then is applied an ASK 
demodulator on the signal (blue area). The demodulator signal is sent to a voltage 
comparator (purple area) that analysis two signals and outputs the larger signal. At this 
moment, the circuit had the original signal with the sent information.  
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Figure 4. Receiver eletrical circuit. 

The device communications packages use Check Redundancy Cycle (CRC) algorithm for 
package validation, preventing data damage. The size of the package is the size of the 
information to send plus two additional bytes for the CRC code. The CRC is validated in the 
receiver and only messages with a valid CRC are processed by the system. 

Figure 5 shows the result of the communication tests using the circuits above. The blue 
signal is the data that we sent to the PLC, while the green signal is received data. The signals 
are similar enough to be interpreted by a microcontroller. Is possible to see gap between 
signals created by the signal modulation, transportation and demodulation. 

 

Figure 5. Communication test. 

The device developed works with an Arduíno Mega. This Arduíno can connect to energy 
analyzers using RS-485 communication with Modbus/RTU protocol, and/or control devices. 

GECAD laboratories have controllable ceiling lights and controllable window blinds. The 
device can connect to these loads and acquire control over them. 
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4. Case Studies 

GECAD laboratory ceiling lights are used for this case study, the device will control the 
ceiling lights and monitor the consumptions of the lights. The laboratory has 5 controlled 
ceiling lights that can be individually turned on, dimmer adjustable and turned off. The case 
study will use an energy analyzer for consumption measuring. The device use RS-485 
communication, with Modbus/RTU protocol, for the communication with the energy 
analyzer. 

It was used two devices for this case study: one master that sends the commands and 
receive the consumption information; and one slave device that execute the commands sent, 
measure the consumption and send back the consumptions. For this paper it was used two 
Arduíno Mega with PLC, one for the transceiver and other for the receiver. It was putted 5 
on/off switches and 5 potentiometers connected to the master microcontroller. The switches 
can control each individual light while the potentiometers can control the dimmer of each 
light. Figure 6 shows the communication frame used in this work. After the starting byte the 
information send are the state of each potentiometer. The second part of the message has the 
state of each switch. The receiver device is connected to 5 relays (5 V to 230 V) and an 
amplifier for the dimmer (amplifying a signal from 0-5 V to 0-10 V). 

 

Figure 6. Communication frame. 

The frame is sent from the master to the slave every time there are any changes in the 
states (switches and potentiometers). The consumption are sent once each four seconds from 
the slave to the master. For this case study was define some actions to be executed in the 
switches and potentiometers in order to report the system reaction. Figure 7 shows the impact 
of the lights. In scenario A all the lamps are on using the lower dimmer (0 V), in scenario B 
the dimmer are at the middle value (5 V), in scenario C the lights have the maximum dimmer 
(10 V). 

 
Figure 7. Laboratory ceiling lights. 

Figure 8 shows the real-time consumption read from the energy analyser and sent to the 
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master device. On the chart there are indication of the executed actions during the case study. 
Each action has its own impact in the consumption of the lights. When the switches are 
turned on (On Swx) the consumption increases. The changing of the dimmers are made for 
the 5 lights together and had a big impact on the consumption, putting the consumption 
under 200 W. The actions and the consumption have some delays that happen because of the 
communication delay or even because missing data in the frames (bad CRC in the side of the 
slave). 

 
Figure 8. Ceiling lights real-time consumption. 

5. Conclusions 

This work presents a device for equipment monitoring and control in a smart house 
context. The device presented uses power-line communication in order to use the existing 
cables. The use of power-line communications brings clear advantages for retrofitting. The 
paper describes the developed device and validate the proposed device in SOICAM system. 
The case studies of this paper shows the successful operation of power-line communications 
in laboratory. The develop device allows real-time consumption monitoring and load control. 

The main contribution of this paper is the proof of concept of the developed device using 
real laboratories. The work presented has clear advantages comparing to the normal wireless 
communications, power-line communications can be used in closed rooms with thick walls. 
As disadvantage, power-line communications have problems working in an unstable power 
network (i.e. situations with a lot of noise and distortion). 
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Abstract 

Residential and commercial buildings represent a substantial load for electric energy systems. Being the HVAC 
comfort system of a building an important energy load, its optimization is fundamental for energy-efficient buildings. 
The literature, supported by theoretical models and simulations, has reported that ceiling fans can save energy when 
correctly used in HVAC systems.  The breeze created by the fan in a room can influence the thermal comfort 
sensation of the occupants in such way that the air conditioner thermostat can be set some degrees higher in the 
summer or lower in the winter. This paper aims to present experimental evidences, statistically supported, that the 
presence of a fan running in a thermally controlled ambient allows to increase the temperature without reducing the 
thermal satisfaction level of the occupants. The first results have shown that, for an 18m2 room, with three occupants, 
such increase is about three-Celsius degree, saving 0.9 kWh. 
 
Keywords: Ceiling fans, Energy efficiency, Thermal sensation, Thermal comfort. 
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1. Introduction 

Residential and commercial buildings represent about 30% to 40% of the electricity consumption of 
the power grids. Heating, Ventilation and Air Conditioning (HVAC) comfort systems account for 39% of 
the energy consumed in commercial buildings [1-3]. Then, HVAC system optimization plays an 
important role in energy-efficient buildings design. 

The literature has reported the possibility of energy saving when increasing cooling setpoints and 
decreasing heating setpoints of the HVAC system without a reduction in the occupants’ thermal comfort 
by using individual comfort systems like ceiling and desk fans, foot warmers, heated or cooled seats and 
workstation surfaces [4-5]. 

 By using parametric simulation study of seven climates and six model types, with empirical 
corroboration, Hoyt at al. [4] has reported the benefit of widening thermostat heating and cooling 
setpoints to save energy in a typical medium office building. By increasing the cooling setpoint of 22.2°C 
to 25°C, 27% of HVAC energy saving was achieved. Reducing the heating setpoint of 21.1°C to 20°C, 
saves an average of 34% of terminal heating energy.  

By using the Predicted Mean Vote model (PMV), Lee et al. [5] has reported that, in the summer, the 
use of a ceiling fan can allow a increasing of 2.2°C in the setpoint of an HVAC system thermostat without 
difference in the user comfort. This increase can cut cooling costs from 8% to 16 %. 

The human thermal sensation and comfort are subjective concepts, but can be indirectly measured and 
quantified [1, 6, 7]. It can be said that HVAC systems are not used for heating nor cooling, but for 
providing the thermal comfort, decreasing the occupants' warm sensation in the summer and cold 
sensation in the winter. A common interaction with the comfort systems is the choice of the temperature 
setpoint. The decision to change the temperature setpoint is a reaction of the environment occupant 
against the thermal discomfort sensation. It is known as the adaptive principle which states that if a 
change occurs, producing discomfort, people react in ways that tend to restore their comfort. The speed of 
the air surrounding the occupants' skin is one of the factors that influence the thermal comfort sensation 
[1, 6, 7], thus, a fan can influence the temperature setpoint value choice and the different setpoint can 
make a difference in the energy consumption of an HVAC thermal comfort system. 

This paper aims to present experimental evidences, statistically supported, that the presence of a fan 
running in a thermally controlled ambient allows to increase the temperature without reducing the thermal 
satisfaction level of the occupants. Thus, to evaluate the thermal sensation, experiments have been carried 
out using volunteers (human in the loop) in a thermally controlled small room. 

Once the thermal sensation is a subjective response to be evaluated, another objective of this research 
was to design an instrument to quantify the volunteer’s thermal sensation according to the average room 
temperature. 
 
2. Materials and Methods 
 

Two experiments were carried out in two days. In both experiments the room temperature was 
increased from the natural condition, about 23°C to a higher temperature, about 33°C, by means of a 
2500W heater. For the second experiment a 60W pedestal fan was added, operating at its maximum 
speed. The main idea was to compare the hot sensation in both cases. 

Three students, two males and one female, occupied the room during the experiments. This room was 
properly equipped with five temperature sensors, one on each desk and two on different points; humidity, 
CO2 concentration and volatile organic compound sensors. This room is shown in Figure 1. 

It was developed a measurement instrument to gather the thermal sensation of the people taking part 
in the experiment. This instrument is a chart containing ten, one for each measurement, linear scales 
varying from -10 to +10, being -10 the maximum cold sensation and +10 the maximum hot sensation and 
zero the neutral point of this scale. Figure 2 shows this instrument. 
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Fig. 1 - Room of 6m x 3m where the experiments have been performed. 
 
2.1. Experiment Flow 

 
At the beginning of each experiment, the students were asked to put a mark on the first scale of the 

chart, according to their thermal sensation. If they are feeling hot, they should put a mark above zero, if 
they are feeling comfortable, they should mark on zero, otherwise they should mark below zero, 
according to the intensity of their  sensation. They were asked to do the same for each degree of 
temperature increase until the end of the experiment. 

At the end of the experiment all instruments were collected and the information stored in a matrix to 
perform an analysis of variance (ANOVA) to determine whether there are differences among the thermal 
sensation means. 

Once the ANOVA showed that temperature does affect the thermal sensation, as expected, it was 
performed the Tukey’s test to identify the differences between the means, and at which temperatures they 
occurred. 

The experiment flow chart is shown in Figure 3. 
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Fig. 2 – Measurement instrument designed to gather people thermal sensation 
 

 
Fig. 3 – Experiment flow chart 
 
3. Results 
 
3.1 Heating the room 
 

In both experiments the room was heated by a 2500W electrical heater. The evolution of room 
average temperature is shown in Figure 4. During this measurement, the heater average power was 
2553W. To increase the temperature of this room in 1°C it took 1424 s. 
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Fig. 4 – Room average temperature during the first experiment 
 
3.2 Results from the first experiment – Fan turned off 
 

The results from the first experiment (Fan off) is shown in Table 1. The three participants’ thermal 
sensation was measured for nine different temperatures.  
 
Table 1 – Participants’ thermal sensation for nine different temperatures with the fan turned off 

 
 

From Table 1 can be seen the thermal sensation for the participants for temperature ranging from 
23.1°C to 32.7°C, followed by its mean, variance and standard deviation. The dispersion of the 
measurements is shown in Figure 5. �

  
Fig. 5 - Dispersion of participant’s thermal sensation  

 
From Figure 5 can be seen that the average thermal sensation increases as the temperature increases. 

The data from Table 1 was used to perform an analysis of variance (ANOVA) to confirm statistically that 
there are differences, at least, between two the means. In fact, ANOVA is the statistic used for the 
following hypotheses test.  
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The results from the ANOVA test are presented in Table 2. As the P-value is very small, the null 

hypothesis of equality among all means has to be rejected at a significance level less than 0.1% [8]. 
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Table 2 – ANOVA results for data in Table 1 

 
 
Although the rejection of null hypothesis gives the information that there are, at least, two different 

means, it does not inform which means differ from each other. To answer this question, a multi-
comparison procedure must be used. There are several procedures for multi comparison, for this paper the 
Tukey’s procedure was chosen for its popularity and simplicity [9]. 

The Tukey’s procedure consists in testing all pairs of means. It declares two means significantly 
different if the absolute value between them exceeds the Tukey’s statistic. For the purpose of this paper, 
the interest relies on knowing the first significant difference involving the first mean. 

Figure 6 shows the distribution of differences of means according Tukey’s procedure for a confidence 
interval of 90%. 

 

 
Fig. 6 – Comparison among the thermal sensation means for the first experiment. 

 
From the Figure 6 it can be seen that the first significant increase in thermal sensation occurred when 

the room temperature reached 27.6 °C. 
   

3.3 Results from the second experiment – Fan turned on 
 

The experimental matrix, ANOVA and dispersion of the means are presented in the Figure 7. 
 

 
Fig. 7 – Experimental matrix, ANOVA results and dispersion of the means 

 
From the ANOVA, in Figure 7, it can be seen that the null hypothesis of equality of all means can be 

rejected at a significance level of 2.2 % [1].  
According to Tukey’s procedure, Figure 8, the first significant increase in thermal sensation occurred 

when the room temperature reached 30.9°C.  
 

Source DF SS MS F-Value P-Value

Temperature 8 273.69 34.21 23.24 0.000

Error 18 26.50 1.47

Total 26 300.19
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Fig. 8 – Comparison among the hot sensation means for the second experiment. 
 
4. Discussion 
 

In the first experiment, with the fan off, the initial temperature was 23.1°C, the first statistically 
significant changing in the room occupants thermal sensation occurred at 27.6°C, thus just after the room 
average temperature had increased 4.5°C, the occupants demonstrated a significant thermal discomfort. 

In the second experiment, with the fan on, the initial temperature was 23.4°C, the first statistically 
significant changing in the room occupants thermal sensation occurred at 30.9°C, thus just after the room 
average temperature had increased 7.5°C, the occupants demonstrated a significant thermal discomfort. 

From the first to the second experiment, there was a gap of 3°C between the temperatures in which a 
significant thermal sensation was noted. Such gap may be attributed to the breeze created by the fan. 

The energy consumption to increase the temperature of the room used in the experiments in 1°C was 
1.02kWh, that was completely converted in heat. To decrease the room average temperature of the same 
1°C, the HVAC system has to remove the same energy, i.e., 1.02kWh. Considering a typical value of 
EER (3.30), it will result in a consumption about 0.30kWh. 

 
5. Conclusions 
 

Two experiments was carried out within a thermally controlled environment to evaluate the influence 
of fans in human thermal sensation.  

To conduct these experiments a measurement instrument to gather the thermal sensation from the 
participants of this research was developed and successfully employed.  

In both experiments the temperature inside a small room, with three occupants, has been increased by 
a heater. It was necessary 1.02 kWh to increase the room temperature in one Celsius degree. In the second 
experiment a pedestal fan has been running inside the room. 

In the experiment with the fan, the occupants’ thermal sensation suffered a temperature delay of about 
three-Celsius degrees. In environments where there is a combined use of fan and HVAC system, this 
delay allows to increase the setpoint of the thermostat of air conditioner energy without a difference in the 
user comfort. Considering the gap of three-Celsius degrees this saving can reaches 0.9 kWh. 
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Abstract 

An increase in economic activity also increases the demand for electricity, which is not followed by an 
increase in power supply, creating thus, a gap between consumption and supply. The reduction in this gap 
requires a significant mobilization of resources for long periods. In addition, the Brazilian energy matrix 
comes progressively incorporating renewable energy sources (wind and photovoltaic), which are 
inherently intermittent. This scenario push managers to maintain electric system reliable, available and 
modern. Energy storage can be a short and medium term solution for these challenges as it has several 
applications in electrical systems, bringing benefits such as delaying expansions and upgrades of the 
transmission and distribution systems, integration of alternative energy sources with the electric grid, 
reducing losses, etc. However, in spite of such benefits, energy storage is not widely used. This paper 
aims to present the benefits arising from the energy storage as well as a research proposal to identify the 
main obstacles to spread the use of energy storage in the electric grid.  
 
Keywords: Energy storage, alternative energy resources, transmission system, distribution system. 

1. Introduction 

Over the past forty years, the electricity consumption has been increasing in Brazil. The electricity 
consumption between 1970 and 1985 grew at an average rate of 10.6% [1] and between 1996 and 2006 
the consumption grew at an average rate of 5.1% [2]. Also according to [2], the projected growth for the 
period between 2010 and 2020 is around 4.9%. According to [2], to meet the growing demand it would 
require the power of installed generation to grow at an average annual rate of 4.7% by 2020. However, 
the annual growth in generating capacity between the years 2005 and 2009 was approximately 2.5% [3]. 

The Brazilian power system relies mostly on large power plants far from large consumer centers what 
requires long transmission lines. In 2010, the extension of the national grid transmission lines was 
approximately 100,000 km. According to [2], it is expected that they extend to 142,000 km, an increase 
of approximately 40% which means an average annual expansion (in km), about 4% in the transmission 
grid. Thus, it is possible to conclude that the demand for electricity has been growing steadily at a higher 
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rate than the system modernization rate. Such gap does the system gradually decreases its capacity to 
meet the demand. 

Because of such gap, the number of interruptions in the power supply has been increasing [4], [5]. 
The estimated cost of interruptions to American consumers is approximately $ 80 Billion per year [5]. 
The interruption in the power supply highlights the inefficiency of the electrical system and emphasizes 
the need for modernization of the system so that it can adequately respond to the growing demand for 
electricity. 

According to [4]-[6] there is a very high incidence of discontinuations in power supply due to 
problems at the level of transmission and distribution and such disruptions could be mitigated by 
adopting a distributed energy storage strategy. While building new generating plants and transmission 
lines is an expensive and time-consuming endeavor, the energy storage can optimize the current electrical 
system capacity factor. The storage could be a more economical alternative to the expansion of 
infrastructure [5]. In addition, alternative sources of energy, particularly wind power and photovoltaics, 
have increased their participation in the composition of electricity generation facilities [1]-[5]. Although 
beneficial from an environmental point of view [13], its intermittent character in the supply of electricity 
increases concerns about the reliability of the system. The literature [4]-[9] points energy storage as a 
natural solution for the integration of alternative energy sources to the electrical system. 

Despite all the benefits brought by energy storage, it is not widespread. What are the factors that 
difficult the deployment of energy storage technologies? What can be done to overcome such obstacles? 

The objectives of this paper are to relate the benefits brought by energy storage and propose a 
research method to identify and study the main obstacles to the spread of energy storage. 

Such a research is justified since it will provide the academic community with relevant information on 
energy storage, such as the benefits brought by it, the main technologies, how these technologies are 
classified, the main applications for these technologies, the requirements of such applications, the costs 
and the efficiency and lifetime of the main technologies.   
 
2. Grid Storage Applications and their Benefits 

As previously emphasized, one of the most promising approaches to addressing the growing 
limitations of the electric grid and the increasing demand for electricity is to incorporate energy storage 
technologies into the grid. Energy storage can provide multiple benefits, including balancing services 
such as regulation and load following; supply power during brief disturbances to reduce outages; defer 
transmission and distribution upgrades; and greatly enhance the electric grid reliability. 

According to [4], [5], [11], [12], some of the grid store applications and the benefits associated are the 
following. 

 
2.1. Electric Energy Time Shift  

 
Charges the storage plant with inexpensive electric energy and discharges the electricity back to the 

grid during periods of high price [4]. 
 

2.2. Improve the Electric Supply Capacity 
 

Reduces or diminishes the need to install new generation capacity [4], [10]. 
 

2.3. Load Following  
 

Adjust the power output/input of the storage plant in response to variations between electricity supply 
and demand in a given area [4]. 

 
2.4. Area Regulation  
 

Reconciles momentary differences between supply and demand within a given control area [4]. 
 

2.5. Electric Supply Reserve Capacity  
 
Maintains operation, when a portion of normal supply becomes unavailable [4]. 
 

2.6. Transmission Congestion Relief  
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Avoids congestion-related costs by discharging during peak demand to reduce transmission capacity 
requirements [4]. 
 
 
2.7. Transmission and Distribution Upgrade Deferral 
  

Postpones the need to upgrade transmission and distribution infrastructure [4]. 
 

2.8. Substation On-Site Power 
  

Provides power to switching components and communication and control equipment [4]. 
 
2.9. Time-of-Use-Energy Cost Management 

Reduces overall electricity costs for end users by allowing customers to charge storage devices during 
low price periods [4]. 
 
2.10. Demand Charge Management 
 

Reduces charges for energy drawn during specific peak demand times by discharging stores energy at 
these times [4]. 
 
2.11. Electric Service Reliability 
 

Provides energy during extended complete power outages [4]. 
 
2.12. Electric Service Power Quality 
 

Protects on-site loads against poor quality events by using energy storage to protect against frequency 
variations, lower power factors, harmonics and other interruptions [4]. 
 
2.13. Renewables Energy Time-Shift 
 

Stores renewable energy, which is frequently, produced during periods of low demand, to be released 
during periods of peak demand [4], [8], [9]. 
 
2.14. Renewables Capacity Firming 
 

Addresses issues with ramping from renewable sources by using stored energy in conjunction with 
renewable sources to provide a constant energy supply [4], [10]. 
 
2.15. Wind/Solar Generation Grid Integration 
 

Assists in wind- and solar-generation integration by reducing output volatility and variability, 
improving power quality, reducing congestion problems, providing backup for unexpected generation 
shortfalls, and reducing minimum load violations [4], [8], [9]. 
 
 
3. Proposed Method to Carry on this Research 
 

According to [4], the bulk energy storage has the potential to transform and modernize the power grid. 
However, there are a number of factors that hinder their widespread adoption. The challenge to be 
overcome by such a research, before reaching its overall goal is to understand and prioritize these factors. 
Then, in order to identify such factors, a survey should be carried out by means of a qualitative stage 
followed by a quantitative one, as shown in Figure 1. 
 
3.1. Literature Review 
 

Literature review will be made to identify some of the obstacles that hinder the spread of energy 
storage through the eyes of experts. In addition, it will better place the subject in context, including its 
characteristics and the benefits arising from its application in the electrical system. This review will be 
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taking advantage of the research opportunities conducted in the United States, where the issue has been 
extensively studied. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Step flow for a research intended to identify and classify the obstacles to the deployment of bulk 
energy storage in the power grid. 

 
3.2. Designing the Qualitative Research 
 

This step will begin with the identification of the target audience of the research. Once identified and 
quantified this public, it will be defined the approach to be used, census or sample, and the most 
appropriate technique to the research proposal, open questionnaire, focus group, etc. This stage will be 
completed with the development of the data collection instruments. 
 

 
3.3. Collecting Data (qualitative stage) 
 

Consists of the submission of an open questionnaire, prepared in the step before, to stakeholders. 
Initially it will be conducted, along with a small sample, a pre-test, to make the necessary adjustments. 
Afterwards it will be applied to a larger sample. 

 
3.4. Data Analysis (qualitative stage) 
 

After a content analysis, the qualitative research results will be summarized in a set of variables, that 
are, obstacles that hinder the spread of energy storage. This set will be faced with that obtained in the 
literature review. From this confrontation, it is possible that some of the obstacles perceived by the 
stakeholders have already been reported in the literature, while others have not.  

 
3.5. I Workshop 
 

This workshop will make possible the stakeholders to discuss the first findings of this research. It is 
intended that the obstacles and proposals are debated, resulting in new contributions for research. It is 
possible that ideas for the quantitative phase of the research arise from this debate. 

 
3.6. Designing the Quantitative Research 
 

There are several possibilities of treatment for the variables identified during the qualitative phase, 
they can be sorted according to their importance; they can summarized in a small number of underlying 
factors by means of factorial analysis and a variable cluster analysis can be used to group these variables. 
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Once defined the technique to be applied, it will be necessary to develop the appropriate data-collecting 
instrument to be submitted to the stakeholders.  

 
 

3.7. Collecting Data (quantitative stage) 
 

Consists of the submission of the questionnaire designed in the step before, to stakeholders. First a 
pre-test will be done and afterwards it will be applied to a larger sample. 

 
3.8. Data Analysis (qualitative stage) 
 

The collected data will be processed according to the data analysis techniques that were defined for 
this study in the planning phase of this stage. 

 
3.9. II Workshop 
 

The overall results of this research will be presented, as well as the proposals for deployment of 
energy storage throughout the electrical system. Similar to what may occur in the previous workshop, it is 
possible that new proposals emerge from the discussions. 

 
3.10. Technical Report 
 

The final product of this research will be a technical report. It will be contextualized by a synopsis of 
the literature review, containing the results of qualitative and quantitative research and a set of strategies 
suggested to overcome the obstacles that hinder the deployment of energy storage. 
 
5. Conclusion 
 

This paper presented several benefits arising from the energy storage deployment. Despite all the 
benefits, energy storage is not widespread. In order to identify the main reasons for that, this paper 
proposed a research method, which has a qualitative stage followed by a quantitative one. The main 
obstacles to the spread of energy storage will be identified during the qualitative stage and they will be 
sorted, according to their importance, during the quantitative stage. The results of the further stage will be 
used to propose strategies to overcome them. 
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Abstract 

According to official data, the Brazilian electric grid has been working at the limit to meet the demand for 
electricity. This struggle requires a significant mobilization of resources for long periods. Energy storage 
has been pointed out as a less expensive and short to medium term solution for these challenges as it has 
several applications at different levels of the power grid. However, despite all the benefits, energy storage 
is not widespread in Brazilian electric grid. This paper aims to present the obstacles pointed out by 
literature and those emerged from a survey conducted among research groups, government agencies and 
utility companies. Among the most cited obstacles are the high cost of storage technologies, insufficient 
technical progress of storage technologies and low renewable penetration in the grid. Ranking such 
obstacles, it will possible to take actions to overcome them and improve the energy storage deployment in 
Brazil. 
 
Keywords: Energy storage, alternative energy resources, transmission system, distribution system. 

1. Introduction 

Over the past forty years, the electricity consumption increased at a rate of 6.1% per year in Brazil [1].  
According to [2], the projected growth for 2024 is about 4.2% per year.  Also, according to Erreur ! 
Source du renvoi introuvable., to meet the growing demand the installed capacity has to grow at an 
average annual rate of 3.8% by 2024, what means to increase the installed capacity about 55%, which is a 
very ambitious goal. 

The Brazilian power system relies mostly on large power plants far from large consumer centers as 
long transmission lines are necessary. In 2014, the extension of the national grid transmission lines was 
approximately 119,426 km and it is expected that they will extend to 195,154 km in 2024, an increase of 
63% [2]. The demand for electricity has been growing at high rates and the grid has to follow the demand 
in order to prevent interruptions in the power supply, but if anything goes wrong like lack of rainfall, and 
schedule delays, then a gap between demand and supply will be created. The bigger is these gaps, the 
greater will be the number of interruptions [3], [4]. The estimated cost of interruptions to American 
consumers is approximately $ 80 billion per year [4]. In order to decrease the risk of interruptions the 
power grid must be constantly updated. The traditional approach of  building new generating plants and 
                                                           

1 Corresponding author. 
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transmission lines is an expensive and time-consuming endeavor, the literature [7], [8] claims the energy 
storage is a more economical alternative to the expansion of the power grid as it can optimize the current 
electrical system capacity factor.  

In addition, alternative sources of energy, particularly wind power, have been increasing their share in 
the electricity generation in Brazil. According to [2] wind power’s share of electricity generation will 
increase from 3.7% (7 GW) in 2014 to around 11.6% (24 GW), and according to [6] their intermittent 
behavior increase the level of difficulties that have to be managed by the grid. According to [4]-[10] 
energy storage is a natural solution for the integration of alternative energy sources to the power grid. 

The energy storage systems can mitigate the variability of the load by storing the excess of energy at 
off-peak hours, when its price is low, and discharging it at peak hours, when its price is high. 

According to [6], [11] there are several services that can be provided by energy storage systems at the 
level of generation, transmission and distribution systems as well as at the consumer level. 

 
2. Energy Storage Applications and Their Benefits 

There are several applications to energy storage at several levels of the power grid, Generation, 
transmission, distribution and customer. 

At the generation level, applications like Electric Energy Time-Shift and Electric Supply Capacity are 
supported by Pumped Hydro Power Systems and Compressed Air Systems. There are other applications 
related to Ancillary Services that can be supported by other technologies, among these applications are 
Regulation, Spinning, non-spinning and supplemental reserves, voltage support, black start. Related to 
renewable integration there are applications like Renewable Time Shift and Renewable Capacity Firming 
[3]-[13]. 

Applications of energy storage at the Transmission and Distribution systems are able to defer 
upgrades and provide voltage support and transmission congestion relief [3]-[13]. 

At the costumer level, there are applications like Power quality, Reliability, Retail electric energy 
time-shift, demand management [3]-[6], [11]. 

Table 1 summarizes several services that can be provided by energy storage systems at the level of 
generation, transmission and distribution systems and consumer. 

  
 Table 1 – Applications and benefits from energy storage 

Level Main Group Service 

Generation 

Bulk Energy services 
Electric Energy Time-Shift (arbitrage) 
Electric Supply Capacity 

Ancillary Services 

Regulation 
Spinning, Non-spinning and Supplemental 
Reserves 
Voltage Support 
Black Start 

Renewable Integration 
Renewable Time Shift 
Renewable Capacity Firming 

Transmission 
Transmission 
 Infrastructure Services 

Transmission Upgrade Deferral 
Transmission Congestion Relief 

Distribution 
Distribution 
Infrastructure Services 

Distribution Upgrade Deferral 
Voltage Support 

 
 

Customer Energy 
Management Services 

Power Quality 
Power Reliability 
Retail Electric Energy Time-Shift 
Demand Charge Management 

 
 
3. Energy Storage in Brazil 

 
The Brazilian experience in energy storage reduces to a unique case, the Pumped Hydro Plant of 

Pedreira that has an installed capacity of 20 MW. 
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Fig.1. Pumped hydro plant of Pedreira (20 MW), the unique Brazilian experience in bulk energy 

storage 
 
Despite all the benefits brought by energy storage, it is not widespread in Brazilian grid, and this 

raises the following questions: What are the obstacles to energy storage deployment in Brazil? What can 
be done to overcome such obstacles? 

In order to answer these questions a research project has been carried on in Brazil. The objective of 
this paper is to present the main results of this research until the moment. 

 
4. Research Method 
 

According to [2], the bulk energy storage has the potential to transform and modernize the power grid. 
However, there are a number of factors that hinder their widespread adoption. The challenge to be 
overcome by such a research, is to identify such factors. 

In order to answer these questions the research was designed according to the following steps. 
 

4.1. Literature Review 
 

It was identified the some of the obstacles that hinder the spread of energy storage through the eyes of 
world experts. In addition, it has better placed the subject in context, including its characteristics and the 
benefits arising from its application in electrical systems. This review took advantage of the researches 
conducted in the United States, where the issue has been extensively studied. 

 
4.2. Survey 
 

A survey was conducted among 46 research groups, three government agencies and ten utility 
companies. The answers were invited to read a short paragraph (83 words) about energy storage benefits 
and then asked to answer a question stated at the end of the text. 

 
“It is known that demand for electricity has been increasing over the years and this increase has not been 
followed by a corresponding increase in electricity production and transmission & distribution grid 
update. This increases the pressure on the electrical system to keep its reliability. However, the necessary 
investments to reduce the gap between demand and supply are too high and for the long term. Some 
studies suggest the energy storage as a short term and less expensive means of reducing such deficit. 
 
What are the obstacles for the deployment of energy storage along the grid in your opinion?”  
 
4.3. Collecting Data  
 

The research groups were previously contacted, by phone or e-mail, and invited to take part in this 
survey. If they agreed, they received an e-mail with the above-quoted text that should be answered within 
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fifteen days. If they did not return the answers, they were contacted by phone. In some cases instead of an 
e-mail, an interview was set up with the respondents. 
4.4. Determining the key terms  
 

During this stage, all the answers have been read and, after a content analysis, twenty-six key terms 
were identified. For example, for the following answers it was identified the key terms: lack of 
knowledge, low energy capacity, short storage duration, high cost, low life cycle and disposal 
environmental issues. 
 
“ I believe that the main obstacle is the lack of knowledge of the stakeholders on the available 
technologies.” 
“Considering the batteries, the main obstacles are low energy capacity, short storage duration, high cost, 
low lyfe cycle and disposal environmental issues.” 

 
4.5. Classification of the Key Terms into Obstacles 
 

Once key terms had been defined, they were grouped into eleven categories. In fact, each category is 
an obstacle having different numbers of key terms associated to it.  

For instance, the key terms short storage duration, low energy capacity, low efficiency, low life cycle 
and need of power electronics advances, were classified under the obstacle named Insufficient Technical 
Progress. 
 
5. Results 
 
5.1. Obstacles from Literature 
 

According to [3], there are great opportunities for energy storage, but also there are great limitations 
for the adoption of grid-scale technologies by electric power industry. The current obstacles preventing 
the widespread commercial deployment of energy storage technologies include the following: 
 
A. Deficient Market Structure 

Energy storage can support generation, transmission and distribution. It has been difficult to classify 
energy storage from a standpoint and assess its value in comparison to traditional infrastructure. The 
pricing mechanism of the energy storage depends on its classification. Without a pricing model, it is 
difficult to ensure stakeholders that they will receive a return on their investment [3]. 

 
B. Limited Large-Scale Demonstrations 

There are not enough large-scale demonstrations from where data on performance of energy storage 
technologies can be gathered. Such data are necessary to evaluate device cost, efficiency, durability 
and reliability, i.e., data are necessary to validate storage devices and prove the benefits of grid-scale 
storage [3]. 

 
C. Insufficient Technical Progress 

According to [3] many technologies did not reach a maturity level conducive to commercial 
deployment because the interest and funding of these projects dropped off after the energy crisis in the 
1970s. Then the limited storage duration and energy capacity of technologies are too short to meet the 
current needs of the power grid as well as the technologies efficiency are not enough to convince the 
stakeholders of their value. 

 
D. High Cost of Storage Technologies 

The high cost of many technologies is a major obstacle to production scale-up and integration of 
storage devices at grid scale [3]. 

 
E. Weak Stakeholders’ Understanding on Energy Storage 

According to [3] the benefits of grid-scale storage are not well understood by stakeholders. This 
understanding is fundamental to deploy storage technologies. Utilities and grid operators are unaware 
of the benefits of the energy storage. 

 
F. Lack of Standards and Models 
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Lack of standards and models that can help storage system developers and electric power industry 
design and integrate reliable and high-performing energy storage technologies. 

 
 
 
 
5.2. Obstacles raised from the Survey 
  

The survey pointed out, from the standpoint of the Brazilian respondents, ten obstacles to energy 
storage deployment, from which four have been already mentioned in the literature,  Deficient market 
structure, Insufficient technical progress of the storage technologies, High costs of storage technologies 
and Weak steakholders’ understanding on energy storage. The other six and their meanings are explained 
bellow. 
 
A. The belief that small power plants are more effective than energy storage 

Represents the belief that is much better investing in small hydro power plants near consumer centers 
than in energy storage. Then, before building storage facilities, it is necessary to increase the number 
of small hydro power plants located near the large consumer centers. 

 
B. The belief that improve energy efficiency of products and processes is more effective than energy 
storage 

Saving energy is a kind of “virtual storage”. Then, before thinking of building storage energy facilities 
it would be better to increase products and processes efficiency, by means of regulations and 
awareness campaigns and training. 

 
C. Low renewable penetration in the grid 

Energy storage is necessary only if there is a large penetration of alternative energy sources in the 
grid. Once in Brazil there still are just a few amount of energy from wind, from solar panels and from 
other alternative sources, energy storage is not necessary. Energy storage makes more sense for 
electric systems with high renewable penetration.  

 
D. Geographical Constraints 

Pumped hydro power plants and compressed air systems (CAES) depend on suitable geographical 
sites. Since such geographical sites are not available everywhere this is an obstacle to these 
technologies deployment. 

 
E. Environmental constraints 

Considering pumped hydro plants there are some issues like water availability, irrigation, minimum 
flows, fish passage, long environmental licensing. Considering batteries there are environmental 
effects associated with battery disposal. 
 

F. Grid Size 
Energy storage is not suitable for large interconnected systems. 
 
The key terms used to capture the obstacles from the interviews are shown in Table 1. 

 
Table 1 – Key terms associated to the obstacles from standpoint of the Brazilians expert 

Key Terms Obstacle 
Lack of a pricing model, lack of government incentives, lack 
of government policies 

Deficient market structure 

Short storage duration, low energy capacity, low efficiency, 
low life cycle and need of power electronics advances, 
complex technology, technological limitations 

Insufficient technical progress 

High costs of production, maintenance, operation, installation High cost of storage technologies  
Lack of understanding, lack of divulgation, lack of research Weak stakeholders’ understanding 
Geological constraints, geographical constraints Geographical constraints 
Flood, disposal issues, contamination, residuals Environmental constraints 
Increase the number of small power plants, increase the hydro 
generation, retrofit small power plants 

The belief that small power plants are 
more effective than energy storage 

Increase products efficiency, increase processes efficiency, The belief that improve energy 
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decrease losses, virtual storage efficiency of products and processes 
is more effective than energy storage 

Isolated systems, Grid is big for energy storage Grid size 
Few solar panel, few wind generation, few alternative 
generation, low renewable penetration 

Low renewable penetration in the 
grid 

 
 

5.3. Frequency distribution of the obstacles pointed out by the respondents 
 
The Figure 2 shows the frequency distribution of the obstacles according to the respondents.  

 
 
 

 
 
 
6. Discussion 
 

Among the obstacles emerged from the survey, deficient market structure, insufficient technical 
progress, high cost of storage technologies, weak stakeholders’ understanding, geographical constraints 
and environmental constraints have been already identified in the literature.  

According to the respondents high cost of storage technologies, insufficient technical progress, low 
renewable penetration in the grid are the most cited obstacles while grid size, the belief that improve 
products and processes energy efficiency is  more effective than energy storage and the belief that small 
power plants are  more effective than energy storage is the less frequent. 

The six obstacles already identified in the literature are valid for the Brazilian case and do not 
require further analysis. 

The belief that improve products and processes energy efficiency is more effective than energy 
storage seems not to be a valid obstacle as efficiency and energy storage are not mutually exclusive. 

The validity of the belief that small power plants are more effective than energy storage is difficult 
to analyze, once it is necessary to compare the costs to build small power plants with the costs of energy 
storage facilities of the same capacity. Besides, it is necessary to keep in mind the geographical 
constraints for such type of hydro plant, it is necessary to have the possibility to install them close to 
consumer centers. 

The obstacle identified as The Grid Size is not a valid obstacle as North American’s grid is greater 
than Brazilian’s, as well as the number of energy storage projects, making use of several technologies, as 
can be seen in Table 2. 

 
Table 2 - Power grid size and storage capacity for several countries 
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According to [2] wind power’s share of electricity generation will increase from 3.7% (7 GW) in 
2014 to around 11.6% (24 GW). In this case, if the Low penetration of renewable in the grid has been an 
obstacle to energy deployment, it tends to vanish and the increasing of renewable penetration will be an 
incentive to energy storage deployment. 

 
7. Conclusion 
 

The power grid struggles to provide enough electricity to meet the demand. This paper presented a 
short summary of energy storage applications at several levels of the grid and their benefits. Despite all 
the benefits brought by energy storage, it is not widespread in Brazil. There is only one storage facility in 
the whole country, the pumped hydro power plant of Pedreira. In order to identify the main obstacle to 
energy deployment in Brazil a survey was conducted among research groups, government agencies and 
utility companies. Ten obstacles emerged from the survey from which six had been already mentioned in 
the literature. The most cited obstacles was the high cost of storage technologies, insufficient technical 
progress, Low renewable penetration in the grid, but it does not mean they are the most important. It will 
be necessary to classify them. Analyzing the answers returned by the respondents it is possible to realize 
that they do not understand the applications and benefits of energy storage, then this becomes the most 
important obstacle to energy storage deployment, and this makes poor their analysis.  

There are not enough large-scale demonstrations from where data on performance of energy storage 
technologies can be gathered. Such data are necessary to evaluate device cost, efficiency, durability and 
reliability, i.e., data are necessary to validate storage devices and prove the benefits of grid-scale storage. 
Thus, the limited large-scale demonstrations might be the second most important obstacle. 
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Abstract 

This paper presents a mathematical model for load demand, batteries and thermal envelop of the 
building to the Energy Management (EM) problem of a Microgrid (MG) by means of a deterministic 
Mixed Integer Linear Programming (MILP) approach. This way, the thermal envelop of the building 
can be seen as a load demand and thermal storage. In the EM problem, the objective is to determine a 
generation and consumption policy that minimises, over a planning horizon, the operation cost and the 
thermal comfort subject to economic and technical constraints. We propose a detail modelling of 
different load demands and Li-ion batteries. To analyse the proposed modelling, a didactic MG and 
simple thermal envelop of a building is used, connected to the main grid, although, the proposed 
models could also be used in the island operation. The results indicate that the models are adequate for 
the MG EM, analyses of the impacts and energies polices. 

 

Keywords: Smart Building, Demand response, Real time pricing, linear modelling,  

1. Introduction 

The microgrid concept assumes a cluster of micro generation and loads operating as a single 
system [1]. The presence of this distribution energy resources (DERs) and controllable loads 



Towards Efficient European and Brazilian Electricity Markets 

113 

 

reduces fossil fuel consumption and peak shaving.  Operations issues in the microgrids are 
usually answered by a mixed integer linear programming to solve the energy management 
problem. In general, solving this problem requires determining a generation and a 
controllable load demand policy that minimizes, over a planning horizon, an objective 
function subject to economic and technical constraints [1-3]. 

The building sector is the most important consumer of energy in the world. In France, it also 
consumes 43% of primary energy and 66% of electrical energy of which the cooling and 
heating section accounts for 50%. In this point of view, the building can be seen as an 
important load of the smart grid. Moreover, the thermal capacity of the building could also 
play a particular role in the energy management of the microgrids.   

Thermal envelope is usually simulated with dedicated software like EnergyPlus or TRNSys, 
which make the use of it difficult in a more general modelling.  

The classical EM problem formulation usually takes into account economic objective linked 
to investments, energy cost or use [2-3]. But, the introduction of the thermal into the MG 
model involves other objectives like thermal comfort, air quality or lightning.  

The main objective of this paper is to make a joint mixed integer linear programming of a 
smart building, his microgrid and his thermal envelope. The EM and the thermal modelling 
of the thermal envelope are obtained by a deterministic mixed-integer linear programming 
problem. The planning horizon is two weeks with one hour step time. This paper is organized 
as follow: the modelling of the microgrid in the next section. Thermal envelope modelling is 
described in section 4. In section 5 and 6, we present the global modelling of the smart 
building and the first results of the study.  

2. Microgrid modelling 

2.1. Main grid 

The main grid is defined by minimal and maximal power (pmin and pout). pout is defined as the 
sold power from the microgrid to the maingrid. pin is defined as the bough energy from the 
maingrid to the microgrid. That way, both of them are always positive. MILP formulation of 
the microgrid is defined as followed: 

∀�	, ���� = �
���� − �
����� (1) 

�� = ��
� . �
���� + �
�� . �
������  (2) 

∀�, �
���� < ���� . ���� (3) 

∀�, �
����� < ��
� . �1 − ����� (4) 

∀�	�
����, �
�����	 ∈ ��	, ���� ∈ {0; 1} (5) 

where cin and cout are respectively the buying and the selling costs. One can see that the 
binary variable u prohibits selling and buying in the same time, c.f. (3) and (4). In the convex 
case (cout<cin), one can use the simpler LP formulation: 
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∀�, #���, $��� ∈ % (1)’ 

&' = �$����  (2)’ 

∀�, ��
� < ���� < ���� (3)’ ∀�, ���� > �
� . ����	 (4)’ ∀�, ���� > �
�� . ���� (5)’ 

In this study, we are assuming fixed selling and buying prices : cin = 0.1048, cout = -0.2096. 

2.2. Wind turbine and PV panels  

The wind turbine is modeled as a fixed input. The generation input power Pw is computed 
thanks to the wind forecast as followed [4][6][7]: 

�)��� = 	* 0�+ . ,��� − ,-,+ − ,-�+
./	0 < ,��� < ,-	01	,��� > ,2./	,- < ,��� < ,+./	,+ < ,��� < ,2  (6) 

where pr is the rated electrical power; vc is the cut-in wind speed; vr is the rated wind speed; 
vf and is the cut-off wind speed. 

In the PV system, we assume that a maximum power point tracker will be used. The 
maximum power output is presented by [4][9]:  

�3��� = 43. 5. 6���. �1 − 0.005. ��8����� − 25�� (7) 

Where η is the conversion efficiency of the solar cell array (%), S is the array area (m2); I is 
the solar radiation (kW/m2) and text is the outside air temperature (°C). 

2.3. Heating and cooling system 

The case study include a 3kW electrical heating system and a 3kW (thermal) cooling system. 
We assume a complete control of this system (continuous power). For different products, one 
has to adapt the modelling adding variables and constraints. The thermal discomfort is added 
to the formulation by mean of a weighed term to be minimized. This discomfort is modelled 
as a weighed sum of deviations from a reference temperature Tref as follow [5]: 

�: = 	��- . ;�
���� − <+82;. Δ��   
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where cc is the cost of discomfort (euros/°C/h). This equation can be linearized as follow:  

�: = 	��- . �>���� + >:����. Δ��  (8) 

∀�, >����, >:��� ≤ 0 (9) 

∀�, >���� − >:��� = �
����� − <+82 (10) 

Constraints for cooling and heating systems can be formulated as follow: 

∀�, @-��� = 4-. �-��� (11) 

∀�, �A��� < �AB (12) @-��� < @-B (13) 

where ηc is the cooling efficiency and qc
M is the thermal maxim cooling power.  

3. Thermal modelling 

The main goal of the section is to present the study case and the thermal envelope modelling. 
This is a linear model, directly link to the electrical model of the microgrid. In this point of 
view, the thermal envelope can be seen as a thermal storage of energy. It is particularly 
interesting since the thermal envelope constitutes a great capacity compared to other classical 
storage like batteries.  

3.1. Case Study 

The case study is the building which is in the ADEMEa research project “COMEPOSb” 
aiming at constructing twenty five positive energy buildings in France by 2018. This house is 
built with more than 200 m2 of ground surface, one heated zone, one garage and two 
basements. It is designed with the good insulation materials to save the energy consumed by 
heating and air conditioning systems. 

A first model (Figure 1) which enables the dynamic thermal simulation was developed by 
our partner LOCIEc laboratory, using EnergyPlus software.  

 

a www.ademe.fr 
b www.comepos.fr/ 
c www.polytech.univ-savoie.fr/locie 
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Figure 1 Energy Plus model 

This model is considered as a reference model from which we built a reduced order model in 
the form of an equivalent circuit (9R5C) for optimization purpose.  

3.2. Linear modelling and validation 

Thermal envelope of the building is usually modelled with simple circuit components: 
resistances (conduction and convection) to model heat transfers and capacity to model the 
thermal capacity of wall and interior air. Those models are described by the figure XX. Note 
that capacity equations are solved by a simple Euler’s method. Each connection in the 
thermal circuit are represented by the set of equations (10).  

 
@-��� = C. D<-���D� E C. <-��� − <-�� − 1�∆�  (14) 

 
@�:��� = 	<���� − <:����  (15) 

 

∑ @
��� = 0
   &  ∀.	<
��� = 	<���� (16) 

The equivalent circuit (9R5C) is presented in Figure 2. This thermal circuit is based on 
passed works. Identifications of parameters has been done using an optimization procedure 
and the simulation result under EnergyPlus.We used data profile of one year for the 
identification then validated the parameters obtained for another year data. Identified 
parameters are given in Table 1.  

Heated zone 
Garage 

Room Basement  Office Basement  

Outdoor 
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Figure 2 Electrical equivalent circuit 

Parameters identified values 

Cair 3747281.44 Rgar1 0.17195 

Cext 38832547.60 Rgar2 0.16600 

Cgar 233332.53 Rv 0.00738 

CBSoffice 3038849.96 RBSoffice1 0.06713 

CBSroom 8110949.64 RBSoffice2 0.01350 

Rext1 0.00789 RBSroom1 0.12775 

Rext2 0.00417 RBSroom2 0.00220 

Table 1: Identified thermal parameters of the circuits 

The heated zone is described with four walls, an internal air capacity and a thermal resistance 
representing the thermal resistance link to the ventilation. Each wall is described by two 
thermal resistances and a capacity. In the following, the ventilation is assumed to be constant 
(0.13 m3/h) to guaranty a good air quality and minimize heat loses. In the future, this shall be 
reformulated to ensure a variation of the air flow in order to allow the natural cooling of the 
room during the night for instance. 

Temperatures of non-heated rooms are supposed to be fixed to simplify the modelling. These 
are fixed to the EnergyPlus simulations results to ensure a good agreement in the case of 
good temperature control.  

One can see in Figure 2 that solar irradiation, heating/cooling input power, occupancy and 
electrical loses are taken into account as power inputs. Figure 3 shows power inputs with 
respect to the time for two weeks in January.  
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As a thermal validation, we are comparing the internal temperature between the EnergyPlus 
simulation and the linear model in Figure 4. To allow a good comparison of the thermal 
envelope, heating and cooling systems are turned off. One can see the good global agreement 
of both temperatures.  

 

Figure 3 Power inputs for the thermal modelling 

 

Figure 4 Internal temperature comparison between the LP model and EnergyPlus 

4. Smart building modelling 

4.1. The complete MILP formulation 

The complete model for the smart building is obtained by the aggregation of the micro-grid 
and thermal model. It can be formulate as follow: 

HIJ � 	 � � � � � : � � � � K8� � K8� � � � � 8� � � 8� � � �
�

� �=�  (17) 

� �� A� � � � �� - � � � � � ) � � � � � 3� � � � � �L � � � � � 8M8-� � � 	   (18) 

Main Grid : (1)-(5) 

Wind turbine : (6) 

PV panels : (7) 

Heating and cooling systems : (8)-(13) 

Thermal envelope : (14)-(16) 
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Equation (17) is composed by electricity and discomfort costs (2), (8), as well as artificial 
variables for deficit and excessive power generation. Equation (18) is the energy balance of 
the electrical grid. The energy balance in the thermal envelope is described by (16). 

5. Results 

The computational model is implemented in an oriented object way in Python 2.7. We use 
the Gurobi 6.0 to solve the optimization problem and tests are executed on an Intel Core 
CPU (T9600), 2.8 GHz with 3Go of RAM. 

5.1. Temporal analysis for two different discomfort costs 

To show the influence of the cost of discomfort introduced in the MILP formulation, we 
made different tests. Figures 5, 6 and 7 shows mains results for two different costs of 
discomfort (cc = 0.25 and 2.25 euros/°C/h) for two weeks in January.  

Firstly, the figure 5 presents internal and external temperatures for both cases.  

 

Figure 5 Internal temperature comparison for cc = 0.25 and 2.25 (euros/°C/h) 

One can see that intern temperature control is 
different in both cases. For a low cost of 
discomfort, we note a bad control of 
temperature; indeed, the internal temperature 
can vary from 17 to 21 °C and leads to a mean 
temperature deviation of 0.58 °C. In the 
second case, the high cost of discomfort, in 
comparison to the cost of energy (cin), the 
optimization leads to a mean temperature 
deviation of 0.08 °C.  

Figure 6 represents heating and cooling optimal control for both cases. In the high cost case, 
heating and cooling systems are uses daily to ensure a perfect control of the internal 
temperature between cold and hot phases (day and night). Note that the cooling system 
usually limited by the maximum power. This partially explains a non-null mean temperature 
deviation. In the other case, the cooling system is rarely used because of his low efficiency.  

Cc 
(euros/°C/h) 

Mean thermal 
deviation (°C) 

Cost of electricity 
(euros) 

2.25 0.08 94.6 

0.25 0.58 20.9 

Table 2 : Optimization results for cc = 0.25 and 
cc = 2.25 (euros/°C/h) 
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Figure 6 Heating and cooling optimal controls for cc = 0.25 and 2.25 (euros/°C/h) 

Figure 7 presents the sold/bough power from the grid.  

 

Figure 7 : Sold and bough power to/from the main grid for cc = 0.25 and 2.25 (euros/°C/h) 

5.2. Pareto front of the multi-objective formulation 

A set of 20 optimizations has been done for different costs of discomfort. Results are plotted 
in the Figure 8, each solution is represented by a point in the space Cost of Energy/Mean 
Discomfort.  

 

Figure 8 : Pareto front- cost of energy with respect to mean discomfort for � - 	 N�O PQ! ��   R  

We can observe that it exists two limitations in this Pareto’s space. First, it is not possible to 
reach a perfect comfort (null discomfort) because of the limited heating and cooling systems. 
For the second limit, reached with a neglectable price of discomfort (1e-4), we observe a 

c
c 
= 0.05 

c
c 
= 1e-4

 

c
c 
= 0.5 
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maximal mean discomfort of 4.2 °C. Note that the cost of energy is negative for a discomfort 
mean up to 2°C.  

6. Conclusions 

A mixed-integer linear programming model of a smart building has been presented in this 
paper. This approach is tested for simple microgrid and thermal envelope of a building. A 
multi-objective formulation taking into account the price of energy and the thermal comfort 
has been discussed in this paper. The first quantitative results show the important role of the 
thermal capacity in the energy management and underline the compromise between the 
thermal discomfort and the price of energy.  
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