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incentive the use of energy outside the peak-handsenergy savings during this time. Solar Domestic
Hot Water Systems — SDHWS can at the same timeesaagy and shift the consumption, but depending
on the difference among the time-of-use rate le\sgimetimes is more feasible to use electricithi¢at

the water when it is cheaper than investing momegatar collectors.

Considering the interest of both, consumer andggn&upplier, the system needs to be cost-effeative
the point of view of the consumer (i.e. reduce ¢hergy consumption) and for the system operator and
utility companies (i.e. reduce the peak consumptidherefore, there is a conflicting interest thah be
optimized and for each desired energy quantity ihaemoved from the peak-hours there is a relation
between the TOU rate that minimizes the energy mdibgre of the consumer.

The present work discusses this situation showlmegttadeoff between the Annualized Life Cicle
Costs -ALCC and the quantity of energy that is removed froendgh-peak period. The actual regulation is
analyzed in terms of the SDHWS use. A multi-objeetptimization is applied considering a long-term
transient simulation routine for a case study repméng a typical thermosiphon SDHWS for
Florianopolis — Brazil.

2. System description

The thermal simulations use a SDHWS working on rtfteiphon mode because it is the most
common configuration in Brazil. The reasons fosthare high solar energy availability, absence of lo
temperatures, operational reliability and lowertsoBig. 1 shows the basic configuration of the S5
used. This kind of system avoids the use of puhpgever, the thermal storage needs to be placad at
higher position than the collector, and therefsreammon to place it on the roof or in the attic.

Mixing Valve

Auxiliary
Heater

Thermal Storage Outlet

Tank

Solar
Collector Electric
Array Showerhead

Cold Water Inlet

Fig. 1 — Schematic diagram of the thermosiphonrsidanestic hot water system.

Both, the solar collector area and the thermalag®rtank volume are sized through an optimization
process that will be described later. The efficiemarve of the solar collector was taken from the
Brazilian labelling program considering a soladectior that got a class A grade [5]. This efficigrtirve
is experimentally measured for a specific flatplatllector, but for optimization purposes it was
considered independent of the collector area. Pheification parameters used are listed in Table 1.

Table 1. Technical specifications of the solar dstmehot water system

Parameter Value
Collector slope 376°
Efficiency intercept Kz (ta)) 0.728 (-)
_ Efficiency slope FrU,) 6.18 WinfK
% Incidence angle modifier coefficient 0.1065 (-)
§ Tested flow rate 60 kg/nth
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Riser diameter 0.0142 m
Header diameter 0.027 m
Thermal storage shape factor (Diameter and Hedagta)r 0.5()
Thermal storage insulation thickness 0.05m
Thermal storage insulation conductivity 0.126 W/mK

% Thermal storage maximum auxiliary heating rate 3 kw

5 . . . "

3 Thermal storage auxiliary heating device efficiency 1(-)

E Thermal storage thermostat temperature dead band °C 2

(O]

- Thermal storage thermostat temperature 45 °

. Electric showerhead maximum power, 6.6 kKW

=

2 Electric showerhead overall loss coefficient 0 W/K

(%]

g T Electric showerhead efficiency 0.95 (-)

|

uij g Electric showerhead set point 40 °C
Collector inlet diameter 0.015m
Number of bends in the inlet pipeline 4
Inlet pipeline thermal loss coefficient 1.8 k3
Collector outlet diameter 0.019 m
Number of bends in the outlet pipeline 4
Outlet pipeline thermal loss coefficient 1.8 ki

%) Height of the solar collector 1.415m

T

2 Vertical distance between collector’s inlet andetut 0.864 m

.§ Vertical distance between collector inlet and tredrstorage 1.164 m

8 outlet

g

g Thermal conductivity of the thermal storage andtifientirety 2.207 W/mK

Some of the simulation parameters used in the syséze function of the design parameters (i.ersola
collector area and thermal storage volume), and teede calculated in each iteration of the optation
process. These parameters are, thermal storagalldveat loss coefficient, thermal storage diametet
height, positions of the thermal storage thermastak heating element, length of the solar colleatut
inlet piping length, number of parallel solar cotter risers and maximum flow rate for the solar pum
The equations used to calculate these parameteesd@scribed in detail by [6] and [7].

The proposed SDHWS configuration uses two auxilielgctric heaters, one inside the storage tank
and other in line to the load. The second one wasgkan electric showerhead and was considerecin th
simulation model just to guarantee the desired &ratpre for the users.

The thermal performance of the SDHWS depends sigmifly on the domestic hot water load profile.
The chosen profile was previously determined uséaj measured data of a group of ninety residential
consumers during a one-year period ([7], [8]). #istically representative normalized load proi§i¢hen
derived as depicted in Fig. 2.

The annual thermal performance and economic aisalysre determined using the Transient System
Simulation Program (TRNSYS) [9]. All simulations reeperformed using a Typical Meteorological Year
— TMY from the SWERA database [10] for Florianogo(R7.6°S/48.5°W). The performance of the
thermosiphon system was calculated through the istorrand Braun model [11]. In addition, the
auxiliary energy supply was simulated as electeatbrs with a fixed thermal efficiency and with a
maximum power that is modulated to meet the sptiiet point temperature.
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Fig. 2 — Normalized hot water daily consumptionfieo
3. Economic Analysis

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

3.1. Time-Of-Use rate

A TOU rate was recently established by the regtyadgency (ANEEL) in Brazil and named “Tarifa
Branca” [4]. It is an option for the low voltagermumers to pay different electricity rates depegdin
the hour of the day and the day of the week. Dutiregbusiness days there are three different rafes:
peak, intermediary and on-peak and during the wedkeand holydays the off-peak rate is used. The
hours and ratio between the rates are defined déydbulatory agency every four years for eachtyitili
company. Fig. 3 show the frame for the TOU rate parad to the flat rate in Santa Catarina [13]slt i
worth to note that the flat rate is the weightedrage of the TOU rate.
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Fig. 3 — Comparative between Time-of-Use and fletsdor Santa Catarina.

The different rate levels are treated in the presenk related to a reference value - the flat rate
enable the construction of different scenarioss this possible to propose a policy to incentive tise of
SDHWS. Table 2 shows the actual rates applied meS&atarina and their ratio to the flat rate. The
Brazilian regulation also has a subsided ratedarihcome users and also the taxes are lower &ofirtst
150 kwh of monthly electricity consumption, but th®U 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 consumnrSanta Catarina [13].

Eletricistarate- C,  Value  Ratio

(€/kWh)
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 consumassis on a SDHWS to decrease his yearly
expenditures in water heating. Thus, all coststedldo the additional investment and expenses &f th
SDHWS during the lifetime are also taken into cdasition. The economic analysis methodology can be
seen in details in [14]. First of all it is necagsto define the Life Cycle CostL£C for water heating
that includes the equipment, its installation araimenance costs and the auxiliary energy costisglur
the whole lifetime. It can be calculated bringiritlaese values to the present as shown in Eq. (1):

LCC = (1 + CHICE)[L + CuPWF (N, iy, d)] + PWF(N,0,d) ¥ year(EquxCe) (1)

where(; is the installation cost as a percentage of thlicost/C (¥) of the SDHWS(,, is the annual
maintenance cost as a percentage of the instadisidof the systent,,,, is the hourly auxiliary energy
consumption(, is the electricity rate that depends on the hogr @dayof the week; PWF is the present-
worth factor of a series of constant valugss the lifetime of the system,, is the maintenance inflation
rate andd is the discount rate.

The initial cost/C can be calculated as follows:

IC(J_E) =CA; + CS(VS) (2)
whereC, is the solar collector cost per arda,is the solar collector areé, is the storage tank as a
function of the storage tank volunGg). The solution domai represents all possible combinations of
A, andV.

Once in the point of view of the consumer the ecoiodfigure of interest is thaLCC (%), it can be
calculated as:

ALCC(X) = Lce(x)/PWFE(N, 0, d) (3)

Table 3 lists the actual costs in the Brazilian ketirand the economic assumptions for the present
work.

Table 3. Costs of the SDHWS and economic parameters.

Parameter Value
Solar system life cyclay 20 years
Discount rated 8 %
Maintenance inflation rate,, 6.4 %
Solar collector cost;, 119.25 €/M

Annual maintenance cogt,, (related to the initial cost) 1%
Installation cost(; (related to the initial cost) 15%
Exchange rates for Euro at March, 2014(BR$/€) 3.48 BR$/E

The cost, in euros, of the thermal storagg (vas considered in the analysis by a regressiotiemo
based on the prices of tanks with different volumleined of the main suppliers in the Braziliarrkes
as follows,
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3.3. Trade-off between the Annualized Life-Cycle Codt@mpeak energy consumption

A trade-off curve is a well known way to help orcdéon when dealing with conflicting objectives. In
the present analysis, the consumer is interestethenlowest , while the utility company is
interested in remove consumption from the on-peak iatermediary hours! (4g 20'@A BC ). To
create the trade-off curve, the SDHWS needs torbpep sized and to do this an objective functicat th
includes both objectives employing a weighted glab#erion method is derived. Then, an optimizatio
routine was applied considering two design pararseie independent variables: the solar collectea ar
and the thermal storage volume. The combinatioanodptimization routine with a life-cycle simulatio
of a solar system was extensively explained by.[V8}h the weighted global criterion method, it is
possible to solve a single objective by assignelgtive weights €) to the conflicting ones ([16], [15],
[17]). The objective function used in the presamtyg includes also a minimum bath temperature as a
constraint to guarantee that the system suppligerwa the desired temperature to the consumers.
Therefore, the optimization problem can be defiagdollows:

DEF JKLM NOKPQRST W XX
G 8 Q
Juv W XXuv

[\"_ ab ()

v d e HiEgn i joerk
a’l*mn h»

where S is the feasible region defined by the sotdlector area ( and the storage volunig. ! yo and

yo are the values of the energy consumption and dizedalife cycle costs in the case of an
electric showerhead use that were used to rewraetwo conflicting objectives in a non-dimensional
form.

To do the multi-objective and multi-parameter optiation, the Generic Optimization Program
(GENOPT) was used, since it can be easily coupléth WRNSYS. This software has a large
optimization algorithm library from which the hybrialgorithm of the Particle Swarm Optimization
algorithm and the Generalized Pattern Search impheation of the Hooke-Jeeves algorithm
(GPSPSOCCHJ) were selected. This decision is ateedoiaspecific features of problems in which the
objective function is not continuously differenti@por it must be approximated, that is the casthef
thermal simulation routines analysed. Therefore,dbsign parameters can be only solved heuristicall
[18].

4. Results

The results of the case study are presented faoiaRlapolis — Brazil (27.6°S/48.5°W), considering a
thermosiphon SDHWS, where the daily hot water comngtion was set to 0.3 mat 40 °C that can
represent a common case in Brazil.

Two scenarios were considered, the flat rate and T so it will be possible to identify what reet
best option for the consumer and if the combinatietween SDHWS and TOU rate can be a good policy
to smooth the energy consumption during on-peakshdingether with these results, also the annudlize
life cycle cost of the showerhead is plotted, sophoposed alternatives can be compared to the usest
solution for water heating in Brazil. The trade-o#ftween the annualized life cycle cost of theespsand
the on-peak and intermediary yearly electricitysaomption is shown in Fig. 4.
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Fig. 4 — Trade-off curve of the on-peak energy comgtion versugiLCC.

The first observation is that there is not a biffedence between th&LCC for both rates. It happens
because the actual economic figures are quite &erto the use of SDHWS. Fig.5 shows the same
result, but on a logarithmic scale, together witbALCC using the electric showerhead for both rates. It
shows that the TOU rate increases the annualizets dor the showerhead and decreases for the
SDHWS, so, although in both cases there is an enmnfeasibility, when the consumers choose the TOU
rate the difference between the two costs is higher

700 T T

600 Flat 1
L|——-TOU 1

500 0O  SH - Flat

400+ O SH-TOU ]

100

10° 10t 107 10°

On-peak yearly energy consumption (kwh)
Fig. 5 — Trade-off curve of the on-peak energy comstion versuglLCC together with thelLCC of the
electric showerhead (SH).

This can also be verified analyzing théS showed in Fig. 6 as a function of the collect@aakeeping
the storage volume on a ratio of 0.073 per collector unit area @n In this case, the DSHWS was
optimized considering only the consumer point awi(p = 1) that coincides with the higher on-peak
consumption in figures 4 and 5.

Figure 7 shows the storage volume per collectoa aat¢io in the optimized size that generates the
trade-off curve. The recommended figures for thisoras a best practice are 0,075per square meter
given in [14] and around 0,1%per square meter according to the term of referéocehe Brazilian low
income housing units program “Minha Casa Minha ViflE9]. For the present study it was lower,
standing around 0,07 ¥per square meter because the heating energy waileoed constant along the
year, so the necessity to store more water to dittle demand during the winter months was
underestimated. Even so, it is observed that aslijeztive of on-peak energy savings increase viiise
also increases due to the necessity of heatingrwlaréing the off-peak period. The lower ratio ohtd
considering only the on-peak energy saving objecfiv= 0) happened because at this point the area
increases a lot in order to provide all heating-gynérom the collectors.
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Fig. 6 — Life Cycle Savings { of the DSHWS as a function of the collector areasidering a storage
volume of 0.075 m3 per unit of area.
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Fig. 7 — Storage volume per collector area ratia mction of the on-peak energy consumption.

The yearly sum of the electricity demand duringag & shown in Fig 8. As previously discussed, the
on-peak energy savings of the SDHWS are not styodgpendent on the used rate. Even considering
only the consumer interest, a strong reductioméndan-peak energy consumption is achieved.
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Fig. 8 — Yearly sum of the electricity demand dgranday.
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5. Conclusions

This work presented an analysis of the trade-offveubetween thelLCC and the on-peak plus
intermediary electricity consumption. The SDHWSidgeswas optimized in terms of the collector area
and storage tank volume from an objective functtbat minimizes the two conflicting interests
employing a weighted global criterion method. A T@&ie was also considered according to the actual
Brazilian regulatory frame.

The results shows that independent on the optiothéeoTOU rate, in both cases the SDHWS system is
economically feasible, being interesting not ordy the reduction of thdLCC but also reducing the on-
peak electricity consumption. It is worth to ndtattthe TOU rate increases theCC in the case of using
an electric showerhead, that turns the SDHWS mitractive when comparison to it.

As the main limitations of the present work, the w§ a constant water heating demand led to an
overestimation of the energy savings and undersizedarea and volume of the SDHWS. Even so, the
trade-off curve behavior and the comparative requiésented here are valid.

As additional work, an introduction of the solaradliation forecast to control the storage tank
temperature can also decrease the use of electlimiing on-peak hours. Another possibility is thse of
the ratio between the TOU rates to the flat ratadhieve a specific objective of on-peak elecyicit
savings. A study considering different demand pesffor each month is being conduct using the same
database used here for the annual average of hoamsumption profile. Another interesting worktds
do the same analysis considering individual typaeaisumers, so depending on the type of consuheer, t
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 oper ation.

In this paper the demand response methodology for reduction or shift of energy consumption, its advantages
and possible application areas are introduced. I n 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 loadsin the distribution power systems on the example of Germany areillustrated.
Keywords: demand response; controllable load

1. Demand response

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

The electricity price can be reduced by using detrasponse, which can help to decrease the energy
demand in power grids during the day. Furthermbudding extra power plants, which are operated jus
during energy consumption peaks, and some blackatnish occur if there is not enough generation to
cover high energy demand, can be avoided with #ie of DR. In addition, by utilization of DR more
renewable energy sources can be installed in thetridal power grids. DR has not only the already
mentioned advantages but also can reduce carb@siemin order to decrease environment pollution.

There are different types of DR: emergency DR, eotin DR and ancillary services DR. Emergency
DR is used in order to avoid dangerous situatiors iastabilities in the power systems, e.g. blatkou
which can occur because of the lack of the germratihile electrical consumption peaks. Economic DR
allows electricity customers to reduce their enatggnand and in this way decrease the electricisysco
Ancillary services DR includes different serviceghich provide the secure transmission power grid
operation, and are usually used for generators [2].

2. Demand response programs

11



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

DR programs are advantageous for both: networksatqrs and energy customers. On the one hand,
the customers get some financial incentives, thay Ipss for electricity. On the other hand the powe
networks operators can keep the system stable glpéniods of a high energy demand using DR. In
addition, they can avoid building extra power pgnivhich are only utilized to cover the energy
consumption peaks.

2.1.Demand response programs in Europe

Europe has an enormous potential of the demandomesputilization because there are already
different technologies and electrical equipment althiprovide the ability to implement the DR
methodology in its different regions. In recentnged&uropean energy market is developing und changi
very fast because of using new regulation methdalshe past there were political barriers in the
European Union which did not give many possib#itim use the capacity of demand resources.
Nevertheless, European countries has recently begahange their politic and laws in order to a#li
DR in the power grids more often. Particularly, rthe@re some countries in Europe, e.g. the United
Kingdom, France, Italy, Spain and Ireland, which aery interested in the DR utilization in the aper
market. [4]

2.1.1.Demand response programs in the United Kingdom

The United Kingdom (UK) has a large energy marketthe DR utilization. The UK was planned to
take some nuclear and coal power plants out ofatiper between 2008 and 2016 in order to reduce gas
supply and install more renewable energy sourdesitspower grid [5].

2.1.1.1.The National Grid Short Term Operating Reservegmm [5]

The National Grid Short Term Operating ReservesQRB) program was created to shed some
electrical loads during the time periods of dangerevents, which could make the power grid instable
The customers are paid if they disconnect theiddoiom the electrical network during critical time
periods. In this way the power operator can e&sbp the power grid stable and avoid rolling blatko

The DR needs to be used in the UK in very diffiddays and various periods of time. Hence, the
National Grid divides a year into six parts whiamnsist of so-called working days (including Satysja
and non-working days (Sundays and Holidays). Iritanid critical periods are determined in every dfay
the DR is necessary.

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

2.1.1.2.Triad Management [6]

So-called Triads in the UK are time periods of gleity consumption peaks. Triads last three and a
half hour per day, usually between 4 and 7 pm, he tinter. During this period the domestic
consumption is the highest. Besides, the industaydchave a demand peak during this period too.

Triads programs give the customers an ability tft sheir energy consumption from demand peak
periods to another time period or reduce it. Iis thiay, the customers can usually save around 12 % o
the electricity bill.

2.1.2.Demand response programs in France

France is also very interested in the DR mechanidrare are many customers, e.g. private customers
and small companies, whose energy consumption doeilceduced 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 pragr where the electricity prices for end-customers
vary depending on the weather. Around 350,000 ficastomers and 100,000 small companies use this
program [7]. Taking into account whether conditidhs electricity price is shown using color system.
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The system is shown if the current hour is a peak lor not [8]. Therefore, customers can connect or
disconnect their heating systems or water cir@utsmatically or manually.

Hence, using the Electricite” de France’s Tempdftdre energy demand was reduced for around
15 % in so-called “white” days and 45 % in “réddays [7]. In this way, customers could usuallyea
around 10 % of their electricity bill.

2.1.3.Demand response programs in Ireland

In Ireland there are plenty of large and smallediéht providers of smart technologies in the energy
consumption. Many of them deal with the DR managenand offer electricity customers various
methods in order to use the DR. These providersemgactive in DR policy of Ireland and interestad
the joint work with electrical network operators.

2.1.3.1.Demand Response Aggregators of Ireland

Several smart technology provider companies, siscErerNOC, Electric Ireland, Energy Trading
Ireland etc. (Fig. 1), created an association Dehf@esponse Aggregators of Ireland (DRAI) in 2015.
According to [9] the DRAI was founded tprovide a single voice on policy and regulatory ttesis of
common interest” In addition, “the purpose of Demand Side Participation in thexgh Electricity
Market (SEM) aims to improve system security whilducing costs to the consumer and reducing
generation related emissions”

#% Dalkia © el -
ACTIVATIONENERGY y Alternative Energy |re|qnd Elect I'lL'It\}EX AN . Qn CO

— wcH I‘- KiWi PUWERHOUSEG
TRADINGIRELAND ) e

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

w1y

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

EnerNOC's energy intelligence software (EIS) inelkicdata analysis, energy management tools,
customer management portal etc. The EIS evaluateni@rgy demand and provides detailed information
for its clients. This enables customers to anatlge& own energy consumption and helps them to tired
best way for a reduction of their electricity co$i9]

2.1.4.Demand response programs in Italy
Italy is the leading country in the smart meteringhe European Union. It has the highest utilzati
of smart meters in households in Europe with moaa 90 %.

2.1.4.1.Advanced Metering Infrastructure

According to [2], a smart meter is an electronivide which saves the information about the
electricity consumption at least every hour or ewmare frequently and send it to a service program f
control and billing. Hence, a smart meter provideonnection between the meter and the controtsyst
and makes possible to collect more data aboutrteegg demand.

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

2.1.4.2.Load Shedding Programs

Load Shedding (LS) is the disconnection of loadstlie load control in the electrical network. The
load curtailment is done by automatic devices, agfwork protection, if a frequency measurement
reaches a previously set threshold. This remedi@braleads to a power outage for consumers who are
affected by LS. The LS is used by the network djperan critical situations. Hence, Load Shedding
Programs release automatic LS only in case of eznesg[12].

Participants of Load Shedding Programs can be rethérom the power grid in the short term. There
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are two types of LS programs depending on timel-treee and 15 min programs. Participants must
utilize special units for the LS. Therefore, thegeaive financial compensation according to the etark
price. The LS capacity in Italy is around 13 MW.[8]

2.1.4.3.Interruptible Programs

Participants of Interruptible Programs must redthoeir energy demand to pre-agreed value. The
difference between Interruptible Programs and abmentioned Load Shedding Programs is that
participants of first programs can be penalizetiély do not decrease their energy consumptionmria.ti

The Interruptible Programs in Italy are used omiylarge industries and that helps to save around
6.5 % of energy peaks [12]. Compensations for thearners, who participate in these programs, were
determined until 2007 by the energy agency [13]eyTlare calculated depending on the economic
situation in the country. In 2007 the compensatarthe Interruptible Programs participants wasxad
sum which was chosen without any analysis of therggnmarket. As a result, this compensation was
almost three times higher than the electricity €ogtich were saved by using the Interruptible Paotg.
Nowadays, the compensation is calculated taking @mcount 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 povie Spain, the interest in the DR use has been
increasing in recent years [14]. There are two sypeDR programs: system-led and price-led programs
in Spain [8].

2.1.5.1.System-led progranj&2]

System-led programs are a classic way to manageDe power system. It has been more than 20
years since large industry consumers started tosthgpecial tariffs. The TSO in Spain, named Red
Eléctrica de Espafia, can require the system-ledyrano participants to reduce their electrical
consumption during critical events or time of dechaeaks etc. from 45 min to 12 h. However, the TSO
is obligated to inform its clients in this situation advance. The duration and the value of energy
consumption reduction must be previously definedhgyTSO for every system-led program participant.
Depending on this, the industry consumers receiferent compensation amounts for their participati
Nevertheless, every load curtailment must be empthito end-users. In 2002 the Spanish TSO, Red
Eléctrica de Espafia, created a new Interruptioxilbiee Management Program in order to consider
market aspects in system-led programs.

2.1.5.2 Price-led program$12]

Price-led programs were created in Spain in ordetake into account the economic situation and
aspects of the Demand Response (DR) utilizatioe. dirpose of these programs is to make consumers
reduce or shift their electrical consumption indiperiods of energy demand peaks. This is achibyed
varying the electricity price. The TSO is entitledchoose time periods of the highest energy deraadd
according to this increase prices of electricitlyife consumers.

2.1.6.Demand response programs in other countries ottte

Other countries of the EU such as Sweden, AusBégium, Denmark, Finland, Greece, Ireland,
Luxembourg, the Netherlands, and Portugal areasted in the DR utilization as well. They created
different research projects, in order to analyzmssible influence of the DR on the power gridhait
countries, and programs for a real DR utilization.

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

Because of the growing use of renewable sourcespdtiwer grid in Belgium often utilizes DR. In
2013, a fully automatic load shedding was implaftedome electricity users in Belgium

2.2.Demand response in Germany

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

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

2.2.1.0perating reserve for the frequency control in Gany

The operating reserve is an energy capacity inpthwer grid which can be used by the network
operator to keep the balance between the powerattore and demand in case of energy fluctuations.
Therefore, short-term power adjustments of coralddl power plants can be realized. Power plants,
which can be run up very fast, and pumped-storaggep plants can be utilized for this purpose.
Alternatively, electricity customers can be discected from the power grid. Usually, these methads a
only possible for a limited time.

2.2.1.1.Frequency control in the European Union

To keep the frequency stability, the frequency mantwhich includes three main control types
(primary, secondary and tertiary), is utilized ar&pe.

Primary control: The primary control is used to compensate imbasrmetween the physical power
generation and demand in order to restore theestfabijuency in the power grid. The available power
reserve for the primary control is dependent onsile of the electrical network and its topologythe
European wide area synchronous grid (UCTE) appratety 3000 MW of active power is available for
the primary control [17]. Each network operatortioé interconnected system must provide during 30
seconds 2 % of its current generation as a priroamrol reserve. In addition, not every power plang.
wind farms, photovoltaic systems, etc., can be lira@ in the primary control. Independent of the
fluctuation area in the European power system timeent frequency changes in the entire electrical
network.

Secondary control:The secondary control must restore the balanceeeet the physical power
generation and demand as well as the primary comtr@pposite to the primary control, the secogdar
control observes only the situation in the respeationtrol area including the power exchange witteo
control areas. By monitoring the power network €reacy it must be ensured that the secondary and
primary control always work in the same directi®@oth control types can start at the same time.
According to the requirements of the UCTE, the sdapy control process must replace the primary
control after maximal 15 minutes. Therefore, thienpry control is available again.

Tertiary control: The tertiary control (minute reserve) is an ecoitooptimization. Since 2012, the
minutes reserve is retrieved automatically from Mexit Order List Server (MOLS) [18]. The available
minutes reserve power must be completely providathdg 15 minutes. Conventional power plants or
other generation units, and controllable loadskeEnsed in this process.

2.2.2.Load shedding in Germany

By the nominal frequency of 50 Hz the generatiod amnsumption are balanced including power grid
losses. Deviations from the nominal frequency betwd9.8 and 50.2 Hz are usually compensated by
primary, secondary and tertiary control operatiegerves. If a fault exceeds the maximum primary
control reserve, the frequency can sink or risevatibe tolerance limits. In the case of an undgtfemcy
in Germany, with the value of 49 Hz, the autométad shedding is activated using so-called 5-stap p
(Table 1) to restore the power system balance.

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

Table 1: 5-step plan according to Transmission Gb8E

Stages Measure
Stage 1: 49,8 Hz Alarm, storage pump shedding
Stage 2: 49,0 Hz Load shedding 10 - 15 % of thevordt load
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Stage 3: 48,7 Hz Load shedding 10 - 15 % of thevordt load
Stage 4: 48,4 Hz Load shedding 15 - 20 % of thevordt load

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

2.2.3.Secondary and tertiary ancillary services in Geryan

In Germany ancillary services in the Demand RespdBR) include three types: primary, secondary
and tertiary. Primary ancillary service in the DRclosed to the frequency control in the power gnd
includes the already mentioned load shedding meastich is used to keep the balance between the
power demand and generation. The secondary anaryeservices are related to operating reservestwhi
are used for the secondary and tertiary contrthh@hetwork frequency.

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

Hence, Germany has a big potential for the DR wisaiot used very often. The German government
is only starting to interest in possibilities oftlDR utilization. In addition, electricity custonsemust
apply for a permission by electric supply providersorder to take part in the DR. Furthermore, the
contracted demand could be easily exceeded if sugtprovide the negative DR. In this case theytmus
pay fees. Finally, the utilization of natural gaswer plants in the ancillary services slows the DR
implementation in the German power grid. [20]

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

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

The flexibility of electrical loads and their trdaemation into an active power grid element wilveaa
high importance for future power systems becausanoincreasing number of decentralized generation
plants. The shift of part of the electrical constimp from one period to another can help to integra
optimally the high number of weather-related enendgged from wind and photovoltaic into the electi
network. Thereby, technical and economic boundangditions which influence the usable potential must
be taken into account.

Before the DR utilization in the network planningdaespecially in the network operation, analyses of
each load which takes part in the DR must be domgder to reach a high accuracy of demand shifting
ensure the network security.

The important prerequisite for the DR use is a higlgree of the consumer acceptance because an
active or passive change in the energy consummticrustomer leads to a necessary adaptation of the
usual consumption pattern [21]. To provide thesesumption processes following DR criteria havedo b
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 appliasteh as refrigerators and washing machines with a
high market penetration. Nevertheless, they cahaatsed in the DR because of their working prirecipl
Refrigeration systems have a very periodic behavitheir power consumption is dependent on the
interior temperature and cooling level which is s#m by each user. In addition, the turning-on of a
refrigeration system is still dependent on factofsthe direct temperature compensation with the
environment e.g. opening the interior space andniglation quality. To reduce the power consumptio
of a refrigeration system the temperature can tBngdd on condition that the functionality of the
appliance is not limited.

The power consumption of a typical washing maclsrdependent on the washing program status and
because of this, washing machines have non-peebdiehavior as well as refrigeration systems.
Therefore, the working process of a washing machimoild not be interrupted in order to avoid a aigh
energy consumption.
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In recent years the utilization of electrical systehas been increased in the area of private Igeatin
rebuild. In particular, the heat pump use has amebwsingly important role because of government
funding. In today's households oil-fired heatingteyns are still underrepresented compared to fossil
fueled systems. However, the utilization of eleatiheating systems should grow significantly befor
2030. Around 1.48 million of heat pumps until 202@ around 3.5 million until 2030 will be installed
Germany [23]. In combination with a sufficient thmal storage there is a significant DR potentiathi@
area of the electrical heating [22].

The consumers with thermal storage capacity (grbupand with a non-interruptible start process,
which can be shifted, (Group 2) are able to shié énergy consumption without significant limitaiso
(Fig. 2).

The identified household appliances which can lzel dsr the DR can be classified as program-driven
(with thermal storage, group 1) and task-drivear{sit a defined time, group 2) [24] (Fig. 2). Thieup
of household appliances amounts approximately 5#f ¥e total energy consumption. The remaining
share is so-called user-driven household appliaecgslighting and multi-media systems, which are
unsuitable for the DR utilization according to thelected criteria and a direct feedback by the load
change on the consumer.

Group 1 Group 2
[ night storage heater ] [hot water production ] [ dishwasher ]
[ refrigerator J [freezing combination ] [ dryers ]
[ heat pump J [ room air—conditioning] [ washing-machine ]
[ freezer ]

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

3.1.2.Industry, commerce und service

The second consumer group includes Industry, Coweneand Service (ICS) which power
consumption is about 24 % of the gross electridiynand in Germany. The main applications of ICS
[25]:

e Marketing

e Office companies

e Catering industry

e Manufacturing operation
* Schools, universities

e Agriculture

e Baths

e Hospitals

e Building industry

e Textile+ Clothing+ Forwarding companies
e Baking industry

e Butcher's shops

e Airports

*  Horticulture

* Laundries

e Rest food industry.

The large share of the gross electricity consumggaised for lighting (approximately 40 %) which i
not suitable for energy demand shifting. The prtipos between the ICS types vary from 10 % in the
baking industry to about 65 % in educational ingiiins. The importance of communication as a furthe
application area within the scope of the DR incesa3 he energy share has increased to more o\#r 35
especially in communication and data processimffine companies. The average share is alreadytabou
17 % [25].

There are four processes types (applications)eoDiR:

e Process refrigeration/air conditioning
« Process heating
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e Mechanical energy (excl. compressors for air comairs)
« Electrical heating.

The electrical supply of refrigeration in the prssdechnology or air conditioning represents about
10 % of the gross electricity demand in the ICSaafstatus of 2010) [25]. Cold stores e.g. offer a
possibility of energy demand shifting due to theerrent storage capability because of the enclosed a
and the closing walls as well as the stored pradu2R can be also utilized in food retailing beeaab
increasing of frozen products sales. The numberefiigeration units increases, which are already
equipped as composite systems with a higher posesumption and extra storage [26]. The average
duration of their use is 14 h to 18 h per day, vémtbles a load shifting over a long period.

The area of the electrical heat supply is becormimgprtant mainly in the process heating, but atso i
the space heating (around 8.5 % of the gross ®Eli#gttonsumption, status of 2010) [25]. A drivifayce
in this process is the growing fuel costs and gowvemt funding for suitable heating systems. If the
systems are equipped with a sufficient daily steréxparging time 8 h) [26], a shift of the rechaoyer
several hours is technically realizable. HoweMee, potential of these loads is strongly dependerthe
user consumption behavior. The storage can oveihestimmer but the needs cannot be completely
covered in winter. This should be considered bypilag the DR utilization.

3.1.3.Electromobility

The transport represents approximately 28 % offih@ energy demand in Germany and thus a
significant number in terms of G@missions reduction and fuel requirement [27]sTikia driving force
in the development of electric vehicles (electrehicles and hybrids) which can lead to a significan
increase of the net electricity consumption manelgional at medium and low voltage levels. Becafse
a possibility to load the electric storage as waslito feed energy back into the power grid, thergréat
potential for the DR use. Until 2030 the expectednber of electric vehicles varies around 10 million
based on different studies.

Electric vehicles are in an early stage of its dtgw@ent. Their market maturity is linked to two mai
parameters. The available battery technology pesvial limited distance typically from 100 to 120 km
depending on the use of further consumers andahgcal profile of the driving distance. Furtherrapr
the low maintenance costs cannot compensate theimigstment costs for the battery system duriieg th
service life of an electric vehicle compared tmawentional vehicle [28].

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

According to different studies, there will be 1Miglectric vehicles in 2020 and 10Mio - in 2030 in
Germany. Whereby, electric vehicles will be prolyabked only as a second car [31]. Hence, their
kilometrage will be typically 15,000 km/year. Thigrresponds to an annual energy consumption oftabou
3,000 kWh by an average consumption of 20 kwh pérkim. Consequently, Germany's gross electricity
demand will increase by about 5% compared to 2@0D TWh). Assuming an average charging
capacity of 3.7 kW in 2020 and 7.3 kW in 2030 thaximum power consumption will be 3.7 GW resp.
73 GW. Therefore, the battery storages of eleslucles can be used as short-term storages viiipha
aggregate power consumption.

3.2.Interpretation of the results

The analysis of different loads in the household BES show that there are significant DR potentials
by today's energy consumption in the electricalvoet even now. In particular, the thermal processes
which are characterized by mostly continuous opmraind their storage capacity, are very important
the DR use. In the ICS area the systems which geatfie process refrigeration (such as cold st@ned)
heating (as steam) have the largest DR potentimhik maximum 10 GW.

The further development of possible load shiftiagcharacterized by the increasing electrificatibn o
providing of the heat energy and air conditionirgveell as by the expected increase of the electric
vehicles number. The load capacity for shiftingl wié 34.7 GW in the household and 11.5 GW in the
ICS area until 2030. The industrial energy consummptvill increase only a little compared to 2010
because of an energy efficiency rise and a hesitgmansion of heat pumps and room air-conditioning
systems.

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

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

In addition, Germany is a unique country in the ®hich has a very big potential for the DR use. It
already utilizes a huge amount of renewable enamyy its amount will just increase. However, this
process causes strong fluctuations in the generalibe DR can be a good method to avoid such
fluctuations. Unfortunately, DR is still not usedry often in Germany. But this situation can bencjeal
very fast in the nearest future because Germanonkteperators are becoming very interested in tRe D
utilization.
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Abstract

We are presenting “PREDIS MHI" smart building platfofor learning and research in the field of
micro-grid. This platform is in GreEn-ER buildinghich is a new building in the centre of the edy-ci
in Grenoble, France.

Keywords:green building, smart building, smart micro-gedergy efficiency, user centred building, living.la

1. Introduction
1.1.Buildings energy figures

Based on 2014 energy key figures reports from IEfe(national Energy Agency) and
ADEME (French Agency for Environment and Energy Mgement), the building sector is
still the main energy consumer worldwide. It is mespecially the case in France with 40%
of the total final energy consumption, which isided into electricity (37%); gas (32%), oil
(16%), renewable (15%) and coal (0.4%) as we carit$e Figure 1
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Figure 1: Final energy consumption in building$mance

The impact of buildings consumption in the eledyisector is much more important since it
represents 65% and it is still increasing sinces/éa

Figure2).

These figures are evidences that buildings areia topic of interest regarding sustainability
and energy.
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Figure 2: Building electricity consumption evolutim France since 1970
1.2. Smart building
Heating building correspond in France to the maimsamption part as it can be seen

with the strong correlation of consumption with fesrature (Figure 3).
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Figure 3: Correlation between temperature and ridettonsumption in France — Gradient of daily
consumption in France in GWh/day as a functiorhefaverage temperature in France (in °C)

In Figure 4, while consumption reductions have baainded for heating t

insulation improvernerit, the specific electricityrisreasing a lot. This part is n
oig cridllerigieior-passive buiiding wiere isurrnzrfooininecomes critical.

Specific electricity :
» Lighting

+ Computer, \
Home cinema...
» Appliances

352 KWh/m?

!

Specific electricity

cooking
Hot water
Heatina )
TOTAL 186 kWh/m

Figure 4: Evolution tendency of residential enetgpsumption /m2 in France
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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.

B

Figure 6: GreEn-ER building
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Some figures:
= A6 floors building with 4500 m2 space per floor fiatforms teaching / research
2000 people welcomed in the building, includingdD Students.
1 research laboratory
2 restaurants (a brasserie and a university restgur
500nf of space at the Library

GreEn-ER is hosting master level training, for stutd of “Energy, Water and
Environmental Engineering School” (Grenoble INP E8§ International master "Electrical
Engineering for Smart Grids and Buildings" and openther formations (industrial design,
architecture school, ...).

GreEn-ER has a modern architecture as well asg@oy performances and high
requirement in terms of management and sobrietpnsumption of energy and water.
Total primary energy consumption will be less t2200 MWh / year which correspond to
110 kWh/nf. In France, a multiplication factor of 2.58 is &g on electricity consumption
to compute primary energy.

The energy to build GreEn-ER, including concretacttire, insulation, etc. has been
approximated to 25 000 MWh

2.2. Building micro-grid
In GreEn-ER, PREDIS-MHI is 600 m? platform energgtems Figure 7, has been

specifically designed to reach zero energy buildargl to study building or neighbourhood
autonomy.

PV Panels /Eolian

Electric
Vehicles

Classrooms/ Offices
& Experimental rooms

N PV Panels
& Electric Vehicles

Figure 7: PREDIS MHI, production and storage
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Energy systems are for instance dual flow vengifatvith high efficiency recovery and with
low temperature supply (Figure 8):

= heating: 30/25°C (occupation/inoccupation)

= cooling: 19/23°C (occupation/inoccupation)
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Figure 8: HVAC system

20kW of photovoltaic panels installed on vehiclesfr and other are planned to be
installed on the building roof. Other electricabguctions are available in PREDIS platform
such as a fuel cell and combined heat & power (Oifigh is also able to heat our platform.
Storage capabilities have also been installed @féhtrical vehicles, and laptop rooms. A
50kWh stationary battery will be added.
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Figure 9: PREDIS MHI micro grid structurec Local Controller, CC : Central Controller, LM_ocal Monitor)

Optimal control solutions based on predictive medell be tested in this platform.
Solving the problem of demand response requiresriohirting a generation and a
controllable load demand policy that minimizes, magplanning horizon, an objective
function subject to economic and technical constsaiThis policy is used as reference for
the voltage and frequency control in microgrid +éae operation.

Load demand can be classified by priority and tgperitical:

Critical load demand: has to be full supplied &k ttime, otherwise, it will cause
deficit in the system.

Reschedulable load demand: has a particular clesistat of being able to be
allocated across a range of time.

Curtailable (shedable) load demand: may have tkeepsupply cut, as a non-priority
load, if necessary.

Diffuse load demand: is a new concept made to déhl a thermic load demand,
having the diffuse effect or the pre-diffuse bebavit could be turned off while the
price is high and turned on, recovering the hedtewthe price is lower, or to cut the
load peak.

In Tenfen 2014 [1], we have solved the energy mament using a deterministic mixed-
integer linear programming problem, where the pilaginorizon is 24 hours with one-
minute time steps.

3. Real time energy management

In our platform, several hundred measuring point @ontrol have been set up such as
HVAC, dimmable lighting, blind, electrical plug cemmption measure and switch...
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These measures and commands are accessible thhaulghilding network infrastructure
and the internet. Its communication protocol is webvice based enabling interoperability.
History is accessible by SQL request.

Many devices are added from the delivered buildinch as wireless sensors (433MHz,
ZigBee, EnOcean, DeltaDore). In SmartGreen 2014a#\[2] has presented the
interoperability framework that we have developedrider to manage this interoperability
through web-services (Figure 10)

Figure 10: Sensor/actuators interoperability framew

The BMS (building management system) is able tsgmeinformation to users and energy
operator such as zoning with temperat@igure 13, 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 projeatiider to produce data in “Intelligent
Data Mining and Analysis” (IDMA) IEEE subcommittéettp://sites.ieee.org/psace-idma)

Acknowledgements
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Abstract

Two of the most important characteristics of a Sn@nid are: a) working optimally, i.e., using the
optimal topology and using optimally all availalsources in order to minimize the overall planning
costs; b) the capability to adapt itself to a cogeincy, for instance, a load increase/decreasayla f
(automatic repair or removal from service the congrd in an outage situation, etc). In these cdses t
reconfiguration of the distribution system mustpgseformed to reroute supplies of energy to sustain
power to all customers. This paper proposes am@testic method based on DC Optimal Power Flow
for distribution network reconfiguration with highenetration of distributed generators when a fault
occurs. A case study based on a real 201-bushdison network located in Zaragoza, Spain is
presented to illustrate the application of the psgul method.

Keywords:Distribution network reconfiguration, Optimal pavftow, Distributed generators, Non-supplied power.

1. Introduction

Three dominant factors are impacting future eledistribution systems: governmental,
customer needs, and new intelligent computer sofwand hardware technologies. In
addition, environmental concerns are driving thdirenenergy system to efficiency,
conservation, and renewable sources of electricity.

* Corresponding author.
E-mail addressbrmrc@isep.ipp.pt.
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Customers are becoming more proactive and are lmimgpwered to engage in energy
consumption decisions affecting their quotidian. #he same time, energy needs are
continually expanding. Consumer behavior changdkimdlude extensive use of electric
vehicles, remote control of in-home appliances, enship of distributed generation from
renewable energy sources, and energy storage. VEtilelility of new technologies such as
distributed sensors, two-way secure communicati@ayvanced software for data
management, and intelligent and autonomous coetsolias opened up new opportunities
for changing the distribution energy system.

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

A distribution system in a Smart Grid context mhave the following characteristics [4]:

* Flexible: the rapid and safe interconnection oftritisted generation, energy
storage and other distributed energy resources;

* Predictive: use of machine learning, weather imgaofections, and stochastic
analysis to provide predictions of the next mdstllf events;

* Interactive: appropriate information regarding tetatus of the system is
provided not only to the operators, but also todiigtomers;

e Optimized: knowing the status of every major comgmgnin real or near real
time and having control equipment to provide opiaouting paths provides the
capability for autonomous optimization of the flow;

e Secure: considering the two-way communication céipatof the Smart Grid
covering the end-to-end system;

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

Distribution networks are normally meshed in desigut operated radially. Their
configuration may be varied with manual or automativitching operations with diverse
goals such as supplying loads at the minimum @osteasing system security and reliability
and enhancing power quality [5][6]. Reconfiguratioansists in changing the status of
sectionalizing and tie-switches so that the netvibm&omes radially operated.

This paper proposes a deterministic method baseD@nOptimal Power Flow for
distribution network reconfiguration in presenceadfult. To illustrate the application of the
proposed method, a case study based on a real ug0#libtribution network located in
Zaragoza, Spain [7] considering high penetratiodistiibuted generators is presented.

This paper is organized as follows: Section Il akpd the method proposed for
distribution network reconfiguration with a fault@urrence. Section Ill presents the case
study and the discussion of the obtained resultsllly, in Section IV, the most relevant
conclusions are presented.
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2. Proposed M ethod

This paper proposes a method for distribution neteioreconfiguration with high
penetration of distributed generators in order toimize the expected non-supplied power
cost in presence of a fault. Figure 1 presentstheme of the proposed method.

Input Data
Network and energy | |

Solitves dath Fault information | Load data
DC Optimal Power Flow (DCOPF)
|
Substation limits DGs limits Thermal line limits
Power balance Redialcondition | | Onewayline flow ‘
Results
Model results: Objective function terms:

|
Radial topology |
Non-supplied power

Network results
(Flow, generation)

Fig. 1. Diagram of proposed method

The proposed method has three main aspects, whélprasented in more detail as
follows:

2.1.Input data

All network data with all energy resources and Idatbrmation (at time of fault
occurrence) as well as the fault location are thenrbasis of the proposed method.

2.2.DC optimal power flow

Base on DC optimal power flow, a mixed integer dingprogramming is developed
(equations (1)-(6)) and applied in order to idgntiie better topology for the distribution
network after a fault occurrence. The main goatoigmaximize the reliability, which is
presented in the form by minimizing the expectech-sopplied power (ENSP). The
objective function is subject to all DC optimal pawflow constraints, which include the
technical constraints. The objective function tafiaimized is:

*  Non-supplied power cost
NE
Minimize CL>_FOR, 5 @

1j
ij=1
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The objective function in equation (1) is subjexcttie following technical constraints:
* Power balance

N NE NE
2399& +ZS1; - szi -L;=0 )
i=1 ij=1 ji=1
¢ Generation limits
Sgen™" < Sgen, < Sgen™* ®3)
¢ Thermal limits of distribution lines
max
S S XY ()

Power flow in distribution lines is characterizegddouble direction between buses, but in
the operation of this kind of networks only onettod directions should exist. Constraint (5)
shows this idea.

e One direction for the power flow
yij + yji <1 (5)

< Radiality condition

Z ylf =1 (6)

jON

where,

NE Total number of lines

S Apparent power between buand bug

FOR; Forced outage rate for lirje

Sgen Apparent power produced in bus

Li Load in bug

Sgenimi" Minimum apparent power generated in bus
Sgen ™ Maximum apparent power generated in bus

Binary decision variable associated with the

i distribution lineij

i Binary decision variable to connect distribution
line ij to busj
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N Total number of buses
c Non-Supplied Power cost (€/kVA)

2.3.0utput results

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

3. Case Study

The proposed method has been tested on a real &k Mistribution network adapted
from [7]. This network is a 11 kV system with thriseders, one substation, 201 buses, and
168 load points. In this case study occurs a fayteriod 13 of a summer day. The total load
in this period is 15,245 kVA. Also, this networksha19 generation units (1 substation, 4 co-
generations, 1 small hydro, 1 biomass, 30 winds &adphotovoltaic). MATLAB with
TOMLAB Optimization Environment [8] has been usea develop the reconfiguration
problem based on DC optimal power flow. The solvsgd 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 1,7G83B of Random-Access-Memory
(RAM) and Windows 8.1 Professional 64-Bit OperatBystem was used for this case study.

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

Table 1. Active resources in normal operation

B R Power B R Power
us esource (MVA) us esource (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 la same time the model (1) - (6) runs.
The problem starts with the meshed design of Bistion network which is obtained by
considering all switches closed. After 0.712 seesottte model presents the new radial
topology with the fault isolated. Figure 4 depittts new radial topology, which presents 138
kVA for ENSP. Table 3 presents the active resouncekis fault condition. It is possible to
see that some resources when compared with theahoperation are now actives. Also, the
power supplied by substation grows 4.53%. Tableresgnts a comparison between the
normal state and fault state results, and it isipts to see an increase of the ENSP. This
increase corresponds to a 9.52% in expected ngulisdpower.

Table 2. Load Data for Period 13

Apparent Apparent Apparent Apparent Apparent Apparent
Bus Load Bus Load Bus Load Bus Load Bus Load Bus 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. 4. Radial topolology operation in period 18 201-bus distribution network with a fault in li28-56

Table 3. Active Resources in Fault Condition

Bus Resource Power Bus Resource Power
(MVA) (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
148 Photovoltaic  0.0086 Total 15.2450
Table 4. Active Resources in Fault Condition
Normal Stat Fault Stat
ENSP ENSP Co:s ENSP ENSP Co:s
(kVA) (€) (kVA) (€)
12¢€ 37¢ 13€ 414

4, Conclusions

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

This paper presents a method based on Fuzzy Icfei®ystems (FIS) to forecast solar intensity. FESusually used
to solve regression tasks in diverse applicationteods. The Fuzzy Rule-Based Systems (FRBS) packagkbisary

implemented in R language, which comprises seveethads used to solve regression and classificatisks. The
Hybrid Neural Fuzzy Inference System (HyFIS) isduge this work, and the forecasting results achdelg using

this method are compared to the results obtainmu fhe application of other widely used methodsrégression
problems, namely Support Vector Machines (SVM) amtificial Neural Network (ANN). The evaluation dhe

achieved results using real data from Florianop@&iszil, shows that the performance of HyFIS isesigy to that of
ANN and SVM, thus providing encouraging indicatofsthe potential of this approach in solving thelgem of

forecasting of solar intensity.

Keywords:Artificial Neural Networks; Hybrid Neural Fuzzy lefence System; Solar Forecasting; Support Vecta@hMas

1. Introduction

Despite its importance for the existence of lifeeamth and human beings health, the sun is nowadays
a source of clean energy and can contribute toceediie difficulty in fulfilling the energy demand.
Photovoltaic (PV) and solar thermal are the mauraes of electricity generation from solar irradian
In the case of solar thermal energy plants withagte energy system, its management and operatezh ne
reliable predictions of solar irradiance with tler® temporal resolution as the temporal capacithef
back-up system [1]. The development in the poweanisenductor technology has allowed higher
efficiencies in the conversion of solar energy iatectrical energy trough photovoltaic cells [2HaRV
systems have reached the end-user. The spread t&cBKology took place and nowadays is being used
in several buildings to generate electricity.

The increase on the use of renewable energy so(RIES) affects the behavior of a considerable
number of entities from the electricity sector anmghoses economical and technical challenges. Bhis i
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mostly due to the distributed nature of RES andatidlity and unpredictability of generation. Solar
energy is clearly the most abundant resource dfaita modern societies. Usually summer monthg suc
as July and August in the northern hemisphere, lsavaller variability. However, even during some
sunshine months sudden changes might occur. Thehildy of the solar resource is mostly due toutlo
cover variability and atmosphere conditions [1]rdeasting renewable resources is, thereby, an tamtor
matter from the producers, retailers, aggregatystem operators and market regulators and opstator
point of view [3].

Due to its particular characteristics, several apphes are usually used to forecast solar intensity
namely physical models [4], time series analys]s 4Bd other forecasting algorithms, such as regtew
in [6]. Despite the relevant developments that hegen achieved so far, the amount of data that is
nowadays available to be used by forecasting dlgus, together with the variability of the assoetht
information, and the necessity for correlating eliént types of data from different sources, makes t
most typically used approaches unable to cope tiighcurrent needs. In order to enable a breaktlhroug
in the field, hybrid methodologies that combine bwest features of different approaches, are arsing
promising solution.

This paper introduces a methodology based on Hyleidro Fuzzy Inference System (HyFIS) [7] to
solve the problem of solar intensity forecasting shudying the fluctuations in solar intensity iifferent
periods. With this approach it is possible to retpg patterns, which enable strategic supportducag
the inherent risk in the industry. Such tools aggnimportant for entities that are especially defmnt on
unpredictable resources. To be able to assessettierqpance of the method, results of the proposed
HyFIS methodology are compared with the resultsotbfer forecasting methods, namely based on
Artificial Neural Networks (ANN) and Support Vectdtachines (SVM), which have been presented and
evaluated in [8]. The experimental findings consi@ease study based on real solar data from adefi
ten years, measured in Florianopolis, state ofés@atarina, Brazil.

After this introductory section. the rest of theppais organized as follows. In section 2, the used
forecasting methodologies are described, namelgyliference System (FIS), ANN and SVM. Section
3 introduces the proposed HyFIS methodology foarsoitensity forecasting. Section 4 presents some
experimental findings that enable evaluating thegpmance of the proposed HyFIS, using real solar
intensity data from Florianopolis, Brazil. FinalBection 5 concludes the paper by providing a dsons
on the efficiency of the HyFIS methodology and d¢tsmparison to the other considered forecasting
approaches: ANN and SVM.

2. Solar Forecasting

Achieving solar forecasts with satisfactory resusta difficult task due to the diversity of clinmat
factors [6]. Forecasts are crucial to anticipateessary actions, in order to maximize the energy
production resources management. Using this dégpidssible to recognize some patterns that atfemwv
extraction of critical information, which are ustdpredict the solar intensity trends. These pastere
the needful background to support solar dependemdugers in their decision making tasks. Solar
forecasting can also be a determinant factor famestment in this area, since it can reduce the
unpredictability of the environment, for industriat small producers. Additionally, the investment i
clean energy is becoming more relevant to the enwiental balance, since the world is facing a nesou
scarcity problem, with special emphasis on fossld$ [3].

Given these factors, several studies have beerrpsefl using forecasting methods, in order to
identify the solar intensity trends throughout ttleys in different seasons. Among these methods,
algorithms based on SVM and ANN achieved resulth wisatisfactory error rate.

ANNSs are artificial networks with the ability ofdening, training simulation and predicting data. [9]
ANNSs are composed by several layers, where thelfiy@r receives input values, the last layer & th
output layer which provides the results, and thiermediate layers are called hidden layers. Thegers
are responsible for detecting features in the imgath. This technique works with three types ofdat
training data to adjust the model parameters; dat to test the model; and validating data to davoi
training excess.

SVM [10] is a supervised learning algorithm useddiassification and regression problems. SVM is
based on decision boundary defined on decisiorepléor a set of objects of the same membershig.clas
These are separated from others that belong tdhhaneet. The separation of planes has the purdose o
finding unseen patterns and minimizing the clasatfon error. For example, giving a set of trainimgut
xi and the decision valugs, between -1 and 1, the objective is finding thetlseparation of plane,
resourcing to the equaticWitx + b for minimizing the distance between the two ciaesnberships.
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FIS [11] are systems based on fuzzy logic, whidoreto the fuzzy set theory to map input data to
output data. In the mapping, the fuzzification mexis applied over the input data and a set GHEN
fuzzy rules are created. The fuzzification proagsss a membership function to convert data inmits i
normalized values and create fuzzy sets. Fuzzyaetgroups of linguistic values with an associated
numeric interval. Fuzzy IF-THEN rules aim to perfopatterns identification and decision support to
help solving real world problems. FIS also concidedefuzzification mechanism to convert fuzzy sets
into the output values. FIS methods are a good itodhe context of RES forecasting, since they are
designed to handle a large number of environmenidbias.

HyFIS is an improvement of regular FIS, which ukearistic fuzzy logic rules and input-output fuzzy
membership functions that can be optimally tun@danfitraining examples by a hybrid learning scheme
comprised of two phases: rule generation phase fdata; and rule tuning phase using error
backpropagation learning scheme for a neural fumggtem [12]. HyFIS has already been applied in
several works, and it is often used as a basisdoeloping other methods. In [13] the T2-HyFIS-Yiage
model is introduced, developed as improvement fiyRIS-Yager-gDIC. This technique combines the
original HyFIS network with Gaussian Discrete Imoental clustering (gDIC) to create a more conststen
and intuitive framework to emulate human reasoriimg decision-making mechanism. The T2-HyFIS-
Yager is a type-2 hybrid neural fuzzy inferenceteys realizing Yagar inference for learning and
reasoning with data about corrupted noise. The qualpof T2-HyFIS-Yagar is applied in time-series
forecasts to model the signal-to-noise ratio [IT3je Noise Model Creation (NMC) is presented in [14]
This work refers to learning techniques for noiattgrns that use HyFIS in a learning engine. Thiertdy
ARIMA-HyFIS Model is presented in [15], and congislea hybrid model based on Auto-Regressive
Integrated Moving Average (ARIMA) models and HyRtStune and prevent univariate time series. The
application of HyFIS to forecast solar intensitypiesented in section 3.

3. Proposed HyFI'S methodology

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

The structure learning uses the Wang and Mendel YW&dhnique to generate fuzzy rules from
numeric input data, which are read only once. Tdtsinique avoids the time spent in the learninggss
as it happens with the conventional neural networks

The parameters learning uses a gradient desceatl haarning algorithm to tune the membership
functions’ parameters to achieve a good performdagel. This phase is composed by a five layer
network. Each layer is composed by several nodéshwdssociate a part of the system. Layer 1 nodes
receive a vector with crisp values. Layer 2 nodmgain the antecedent part of the IF-THEN fuzzesul
In this layer, each node receives two crisp vaftms Layer 1 and uses them as parameters in a @auss
membership function to convert it into linguistiariables. Layer 3 contains nodes where each rapiese
a fuzzy rule with the t-norm operator AND. Nodeghis layer calculate the firing strength of eachzy
rule. Each node in Layer 4 represents the conségaenof a fuzzy rule and performs the OR operatio
In this layer the output values are representethbyGaussian function. Layer 5 produces a vecttr wi
the output values.

In this work, the FRBS library of R programming darage has been used. This library contains an
implementation of several methods that apply thecept of fuzzy logic, which have been proposed in
[16], to represent, handle and solve real worldbfenms through reasoning representation extracted by
human experts in a set of IF-THEN rules. FRBS mashoombine various existing approaches, such as
heuristic procedures, neuro-fuzzy techniques, etirg§ methods, generic algorithms and square mesthod
FRBS is represented by a universal framework nafrtesPMML. PMML is a XML based language
which provides a standard for description of mogetsduced by data mining and learning algorithms.
This facilitates the importation and exportatiordata from a FRBS model to frosPMML.

The arguments used by the implemented HyFIS arepted in Table 1. An explanation on how these
arguments are used, and on their contributiondmtiicomes of the forecasts are also provided.
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Table 1. Arguments list and their description tafegure HyFIS method

Arguments Description

A matrix (m x n) with crisp values for the trainipgocess, where m (rows) is the number of
instances of a data series, or a set of parametécelumns) is the number of variables inside

data.train each instance. The last column contains the restite combination of the variables of each
instance.
A matrix (1 x n) where n is the number of linguistiariables and each one has associated a
num.lables g . e
numeric interval with a classification.
max.iter An integer value representing the maximum numbeitesétions, i.e. the number of cycles

used in the training process. The default valu®is

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

. 1 or MIN, is the standard t-norm: mifx1,x2);
type.tnorm . 2 or HAMACHER Hamacher product: (x1+x2)/(x1+x2-x2)x
. 3 or YAGER class Yager: 1-mif(l,((1-x1)+(1-x2)));
. 4 or PRODUCT bounded product: (x1+x2-x1*x2);
. 5 or BOUNDED delimited product: mg®,x1+x2-1).

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

. 1 or MAX standard s-norm: max(x1,x2);
type.shorm . 2 or HAMACHER Hamacher sum: (x1 + x2 - 2x1 * x2)/41 * 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).

A constant which represents what defuzzificatiorthroé 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.defuz

A value that represent the type of implication fimm:
* DIENES_RESHER(b > 1 - a?h - a);
. LUKASIEWICZ (b < a?1 - a + 9l);
+  ZADEH (a<0.5||1 - a>b?1:a < b?ab));
+  GOGUEN (a < b?1b/a);
* GODEL (a <= b?1b),
*  SHARP(a <= b?10);
. MIZUMOTO (1 -a+a*b);
+  DUBOIS_PRADE (b == 0?1 -da == 1?b1));
. MIN (a < b?ab).

type.implication.func

The performance of forecasts is assessed usingytimenetric Mean Absolute Percent Error (SMAPE)
error measurement method. SMAPE determines thempeshce of forecasts by calculating the mean of
absolute error in percent. The SMAPE is calculatedshown in the equation (1), whekeis the real
value and-; is the forecasted value.

n
SMAPE = 1 M 1)
n o (At + Ft)/z
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4. Experimental Findings

This case study aims to verify the performance gFII8 algorithm in order to ensure that it can
overcome the already studied algorithms ANN and SWF this study were considered real data from
Florianopolis, Santa Catarina, Brazil, for the pdribetween 1990 and 2000. The data includes
information about Global, Direct, Diffuse and Extearestrial Irradiance, in W/mtemperature in °C;
humidity in %; and wind speed in m/s. More detailshe used data can be found in [17].

The first step of this study is the optimizationtieé HyFIS algorithm through the identificationtbé
most appropriate parameters for the desired typéomafcast. For this purpose several forecasts were
performed with different combinations of parametefdter sensitivity analysis, it was possible to
conclude that the best parameters to use are thenpters presented in Table 2. In can also be eded|
that most parameters have a minimal influence énveiriation of the results, except for a few paramse
which significantly compromised the quality of résu

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 parametdnicvrelates to the maximum number of iterations,
the default value was the one with the best contiminaof results/runtime. With regard to the stegesi
value, its decrement did not make a significantdotpin the results as it is only necessary to abtai
accurate results with up to two decimal placesthatlis safeguarded using the value 0,01.

After determining the best configuration to be udsd HyFIS, the period to simulate the three
algorithms has been selected. The hourly solangite during a complete week has been selected as
experimental target, specifically the week of 272000 to 03/12/2000.

The target of the forecasts is the value of Gldivaldiance (Gl). The training data has a trainiingjtl
of 20 given that this value was responsible forlibst forecasts for each algorithm, making it faesio
test the algorithms with the same level of knowkedbhe training data’s input consists of the Glueah
the four days preceding the day of output valudgaérsame period. For example, if it is desirecbtedast
the Gl value in the period 12 of day 27/11/200@, filst training case will consist of the Gl valuethe
period 12 of 26/11/2000 as output, and the valu&loih the period 12 of the days between 22/11/2000
and 25/11/2000 as input.

Initially, another approach was tested, in whitte, Gl value in the last four periods prior to thezipd
intended to be forecasted was considered insteadrafidering the Gl value in the same period of the
previous four days. However, this approach resuitedhigher error by the three algorithms.

Finally, after the algorithms optimization phadee final forecasts have been executed, returniag th
results presented in Table 3, which shows the casgraof the forecasting error using SMAPE, between
the HyFIS, the ANN and SVM; and Fig. 1, which shoti® graphical comparison between the
forecasting error values achieved by the three ogsthhroughout the test week.

Table 3. SMAPE forecasting error for the HyFIS, Aldhd 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 fateugerror achieved with HyFIS, ANN and SVM

Table 3 shows the average error of each algoritimoughout the test week. These results show that
HyFIS is the algorithm with the smallest averageceetage error, with 14.78%, followed by ANN with
16.62% (+ 1.84%) and finally SVM with 18.86% (+ 8%). The average daily SMAPE error of each
algorithm can also be seen in Fig. 1, from whiclvigble that HyFIS presents lower error values in
almost every day of the considered week (4 out dé&ys). The days when the HyFIS did not present the
best result (28, 29 and 30 November) coincided thighdays when the methods had a smaller difference
between their forecasts, being the 29th the dawloioh the forecasts were closer. It is also possibl
verify that the SVM algorithm has its biggest fasting error, and greater distance from the other
algorithms, in the last three days.

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

Fig. 2. Algorithms’ forecast results versus redbda
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As can be seen from Fig. 2, the real Gl value enadbnsidered day is greater than O between the 6th
and 19th periods, which are the periods of sunfmsure. The trend of the Gl value is to go up uhsl
period 12nd/13rd and go back down until the 20thogewhen the sun goes down. By analyzing the
figure it is possible to check why the HyFIS had bhwest forecasting error in this day, given ftatine
is the one that is closest to the real and beitigrely close throughout most of the hours of the. d

From this case study, HyFIS has proven that itoissible to overcome the results obtained by ANN
and SVM algorithms, whose efficiency has been pmaweprevious works. The errors for these last two
algorithms is superior to HyFIS error, as presemnebable 3.

5. Conclusions

Achieving more efficient forecasting algorithmsascrucial factor for the solar energy production
industries development. These algorithms are the swurce of decision support systems, which can be
used by producer entities to get the best conditfon the business, as well as for managemeniemtit
which need reliable forecasts to assure a coratadion.

The FIS methods are particularly effective predictimechanisms when inserted in complex
environments, in which there is a large numberarfables, which makes them very useful tools in the
solar branch prediction. The study presented & phper is based on the application of an HyFI8,ain
the most promising FIS methods, to the solar intgfgrecasting problem.

The presented case study has shown that the differeetween the forecasting error of the proposed
HyFIS methodology and ANN is approximately 2%; a#%h between HyFIS and SVM, for the
considered test week. Therefore, it is possibledémtify that the HyFIS algorithm can overcome the
ANN and SVM and take another step towards improviregproximity of forecasts to the real values. In
addition, the HyFIS leaves a good indication thaain be able to distance itself more of ANN andvBV
when performing the analysis with a greater timeigoein which the error tends to increase and
consequently the difference between the algoritasnsell.

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

In a near future, the house management systemddsihbeu significantly increased making more
complex system. The total consumption, distribuigederation, electric vehicles and the participation
in demand response programs should be managedeffeantive way by house management systems
with most important objectives: consumption effigig, the energy bill minimization, and the required
comfort levels according with operation context.eTbperation of the house management systems
should provide support to the grid operator throtighparticipation in demand response programs.
The paper presents two application systems ineddidboratory that allow the simulation of the end
consumer in research activities of Research Groupntailigent Engineering and Computing for
Advanced Innovation and Development in Portugal Snwart Grid and Power Quality Laboratory in
Brazil, namely, the SCADA House Intelligent Manageimand Load Emulator respectively. The
application systems are able to participate in demeesponse programs to reduce the electricity
consumption based in interaction with an externéitye

Keywords:Demand response, domestic consumer, energy resoln@use management system, load emulator.
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1. Introduction

Smart Homes (SH) can be defined as a house whitiprises a network communication
between all devices of the house allowing the @dntmonitoring and remote access of all
application and services of the management sys@#m. advanced functions should be
included in management system, such as the managemelectric vehicles, the interface
with external operators, security functions, healihe prevention, among others [1], [2], [3].
Otherwise, a home to be considered smart shoulddadhree main elements: the internal
communication network that can be implemented iffedint ways: wire/wireless,
dedicated/shared and/or low voltage/high voltagew@ Line Carrier), home automation
composed by actuators and sensors devices that ko controlling and monitoring of the
house, and intelligent control systems [4]. Thelligent control systems are all the systems
able to read sensors information, to process tifamation in an intelligent way, and to
send control actions to the actuators.

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

Smart Home Energy [
Management System
. A
Wind Turbine
Smart Appliance
- &
& = _
9 s Storage Battery
Smart Appli
B Smart Phone Computer
- o
- Grid

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

In the new vision, the SH systems should be exgnde integrate external
communications to interact with services aggregatand utilities, and the automatic
participation in Demand Response (DR), making dewssaccording these interactions. In
DR events, the house management system shoulder¢decelectricity consumption based
not on internal information, but on the interactisith an external entity [6].

All of the energy resources of the domestic consusi®uld be considers in a House
Management System (HMS), namely, the managemettheoklectrical consumption, the
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micro-generation units, the electric vehicles ahd tonsumer participation in the DR
programs. To improve the performance of the HMSesys, it is necessary to include the
ability to autonomously acquire knowledge about theer's behavior adjusting the
consumer’s profiles according the preferences dutie management process improving the
global system performance, and also the consunoenfoct [7], [8]. The improvement of the
HMS systems will be very important to the contrbdevices during a DR event in order to
reduce the electricity consumption without changirigt the comfort levels [9].

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

The first section presents the introduction of plaper. Section 2 presents the application
of the demand response programs in the house maeagesystems context according with
existing studies in the literature. Section 3 shtlvesmodels develops in Portugal and Brazil
in research activities with laboratory applicatidfinally, Section 4 presents the main
conclusions of the work.

2. Demand Response in house management system context

The present section includes house management werkedoped to the participation of
domestic consumers in DR programs and shows soaram&s of DR programs applied in
domestic consumers.

A House Management System (HMS) is developed toremddthe user’s active
participation and the contribution for a betteric@éncy of the system to manage the
domestic consumer energy [10]. Actually, several $HMolutions are proposed for
companies and organizations although some bartierdhe massive use of HMS.
Nevertheless, the barriers represent opporturtitieke development of new methodologies
to integrate in the HMS including the participatioidomestic consumer in DR programs.

In the future power systems the DR programs carameémportant energy resource.
Actually, the industrial and large commerce consusmare the main focus of the DR
programs. However, small consumers, including tlmnektic consumers, allow more
flexible response in DR events [11].

In the context of HMS, the participation in DR et&is an important functionality in the
future management system of small consumers. The flDRtionality allows taking
monetary advantages directly depending on the ¢fj@#R program. The future HMS should
be able to automatically manage DR events consigetfie consumers’ point of view,
regarding the consumption/prices off sets, andahds preferences [12].

To try to develop adequate programs for differeittasions, several types of DR
programs have been proposed by different systemssatgps. The Direct Load Control
(DLC) programs one of them. In [13] is develope@ thnergy Management Controller
(EMC) system to control some loads of a SH consideDR programs. The structure of the
system is presented in Figure 2. In this way ip@ssible to turn off the loads defined
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according with the DR programs. In this case, tber tnas a DLC contract to participate in
DR programs. Also it is presented in [14], the lcadtailment in the DR programs where the
program can vary between 15 minutes and more thaouts.

< Interaction with Utilities | : | Smart Home / HAN >
I

Direct Load Control (DLC) Approach | F:_, ﬂ FJJ Ei
Control signal emc | ’ Smart =

appliances

4 \_L WAN 5— -
s Distributed
Utilities Electricity price l storage
——
I 2 : Distributed
Power usage decision I -—"% generation
Smart Pricing-based Approach |  Electric vehicle (renewable)

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

Another type of DR programs and the most populagsois the Time-of-Use (TOU)
programs. According with higher electricity prideetTOU program encourage consumers to
decrease the consumption [15]. Figure 3 presept&xisting communications in intelligent
management system for the house energy developgdhy
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Fig. 3. Communication structure of HMS system [15]

The participation in DR programs can be managedhbycurtailment service provider
(CSP), an aggregator entity. One of the distinaratteristics of the CSP is the ability to
manage the participation of several consumers ineéhts, making some guaranties to the
system operators, and providing services to thewoers.

In [16] it is proposed a communication architectu@mposed by different layers,
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considering a layer to implement the interface leetwthe HMS, and the system operator
energy management system (EMS). The loads managemanimplemented in another
layer using a mixed-integer programming in order rnonimize the operation costs
considering the DR opportunities. A default prigribads and consumption limits in the
house use is proposed in [17].

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

In [5], it is developed an optimal dispatching mooeSmart Home Energy Management
System (SHEMS) including intelligent residentiaqdts and micro-generation resources. The
multi-objective optimization is based in contralagegies with DR participation adjusting the
parameters of optimal dispatching model in thigesys The model is applied in domestic
consumer photovoltaic system, wind turbine, stottaagtery and TOU prices according with
DR program. The energy management system and dptiisiatching model obtain good
results for the smart home live in a comfortabld aoonomical way.

To reduce peak consumption and to increase theeafiy of the power grid, the DR and
dynamic retail pricing of electricity are importacdntribution in a smart grid context. DR
allows to reduce electricity consumption and consedjy, the energy costs for domestic
consumers. In this context, the work presentedl] fevelops a control strategy for the
Heat and Ventilation Air-Conditioning systems (HVA® respond to real-time prices for
peak load reduction. The work proposes the Dyndeimand Response Controller (DDRC)
that allows change the set-point temperature oHYWAC systems according with electricity
retail price changed each 15 minutes. Also it igetlgped a detailed single family house
model using OpenStudio and Energyplus. The DDR@esyspplied in residential HVAC
systems allow to reduce the consumption and enbilp/only with a single variation in
thermal comfort.

The architecture of the dynamic system developg@ddsented in Figure 4.

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

The present section explains the house managerafdarm developed in Polytechnic of
Porto, Portugal (sub-section 3.1) and the load atauldeveloped in Polytechnic School -
University of S8o Paulo, Brazil (sub-section 3.Bpth systems have the capacity for the
participation in DR programs with main goal to redutotal consumption of the end
consumers according with real data of loads anémggion resources.

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

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

3.1.SCADA House Intelligent Management platform — Ryatu

The Research Group on Intelligent Engineering aath@uting for Advanced Innovation
and Development (GECAD), located at the Instituté&ngineering — Polytechnic of Porto
(ISEP/IPP) develops a testbed platform with the nmgbal of testing, simulating, and
validating new algorithms and methodologies to pppto house/buildings’ management.
SCASA House Intelligent Management (SHIM) has ezplipment such as several types of
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loads, distributed generation (photovoltaic paneisd generator), and storage systems that
allow the simulation of the electric vehicles’ beiua.

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

Priorities
Definition

Devices
Characteristic

Context
Devices Stat o
evices Status Identification

Consumption

Learning Users Profiles
Algorithms Identification
Resources

Limit Definition Management

Event
Trigger.

Internal
Functions
(Time)

Digital
Actuators

Analog

X )
Se— Actuators
Data Base =) %

Inverters

External
Interface
(DR Events)

Motor Drives

Legend
Remote Devices VPP — Virtual Power Player

/ ISO — Independent System Operator
DSO - Distribution System Operator
CSP — Curtailment Services Providers

Fig. 6. General diagram of SHIM platform developeGECAD [6]

Each module is composed by algorithms to be usddfarent situations, namely the Data
acquisition, the Actuators, and the Intelligent Aqpgtions:

¢ In the data acquisition part, four sub-modulesiactuded, namely the sensors, the
user interfaces, the external communications, hadrternal functions. The sensors
module aggregates all types of sensors and matetsei house, and also in the
devices inside the house. The user interfaces raalldws the communication with
different platforms, namely Windows, Android, amiich panels using the Modbus
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or TCP/IP protocol. The external interface allols system remote access and the
interaction with service providers’ entities (iretkexisting platform this interaction is
simulated in the MASGriP platform) [20]. The DR et® are introduced in the
system through this module. The internal functiansdule integrates several
functions in the SHIM system, such as the time Byowization. In the proposed
methodology, the time synchronization is importantun the optimization algorithm
each minute. The internal functions module alsegrates a negotiation function used
to evaluate the participation in DR events, and aéa dacquisition function to
determine comfort levels, the system efficiencye #stimated energy bill or the
detection of abnormal functioning devices.

A database was included to store all the infornmgpimvided by other modules.

The part of the actuators integrates all typesitgfrfaces with real hardware, namely
digital actuators, the analog actuators, invertaerstor drives, among others. This
module also includes the internal network managénwonsidering different
protocols.

The intelligent applications part integrates ale thdvanced functions in SHIM
systems, namely the identification of the contéx, definition of priorities, learning
algorithms, the users’ profiles identification, atite resources’ management. The
modules also need information on the equipmentttioning characteristics, and the
actual status of each device. A trigger allows clétg new events to run all the
algorithms. If the event was an order given by dker, the event trigger sends this
order directly to the actuators, and in a secoep, st sends the order to be processed
by other modules. If the event was a DR programgf@ample, the system does not
need to execute any control action before the in&bion is processed. With this
mechanism, SHIM avoids delays between orders atiwhac

3.2.Load Emulator — Brazil

The Smart Grid and Power Quality Laboratory (NAPRRIERQ), located at the
Polytechnic School - University of Sdo Paulo (USiMs to develop a testbed system with
the main goal of simulating and validating consuoptcharacteristics of end consumers
through a Load Emulator allowing the participatiorDR contracts. To the Load Emulator
can be added micro-generation profiles accordiiad) nesources presents in laboratory such
as, photovoltaic systems in micro-scale.

Figure 7 shows the main modules to represent thetiins of the Load Emulator and the
communication with measurement centers of theamitlalso the SCADA systems.

The Load Emulator has two important modules, Exteand Internal interface with
different functions. At the top of the figure ateos/n the following grid systems:

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

Meter Data Collector (MDC): MDC is to collect ddtam meters and transfer to the
MDM. To collect data the meters use the MESH or GRBmmunications.

Meter Data Management (MDM): MDM is software of tmeeasuring center
management. The system allows obtaining the infoamdor billing.
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The External Interface is used to allow the commatidn between the Load Emulator
and the grid status. The External Interface hagsethsub-modules with the following
objectives:

DR programs: This function allow save the DR castgaf the end consumer with
grid operator. In this case, the DR contracts eabdsed on the price or based on the
incentives. The participation in DR programs carabkieved by aggregating entity,
the public service entities, or by a regional netnaperator.

Energy Price: This function is primarily importafior DR programs based on price
allowing emulator to know the price of energy a thoment.

Smart Meter: This feature allows to know total aomption of the emulator.
Therefore it is possible for the consumer and thesise provider, to know for
example, if the consumer is meeting with the linofsconsumption that exists in
some DR programs. Also, it can be added the tatakiation in the case of the
consumer with micro-generation.
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DMS

MDC / MDM

DR programs Energy Price Smart Meter

Load Type Intelligent Module

Data

Consumption
Generation

Fig. 7. General diagram of Load Emulator developedAPREI/ENERQ
The Internal Interface of the Load Emulator is usedllow the simulation of the load

according with consumption real data or, in thesaafsthe consumer with micro-generation,
the simulation of the generation. The Internaltiaiee has the following functions:
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Load/generation profile (voltage, current and pgwailow to know the profile for
each resource (load or generation).

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

Total consumption: Allow to know, according withdimidual consumption of each
load, the total consumption of the end consumeris Vhlue is communicated with
smart meter of the external interface.

Total generation: Allow to know, according with moegeneration (photovoltaic
and/or wind), the total generation of the end camauif exists this capacity. This
value is communicated with smart meter of the etkinterface.

Time/hour: Obtain the date and hour of the simafagcenario in emulator.

Communication with Load Emulator: Through this coumication is possible to
emulator know the consumer state (loads and miermi@tion units), its current
consumption and production, the state of the aliiéoand generation resources.

External data: Through this feature it is possibléntroduce values of consumption

and generation for the loads and generation ressuespectively. So as to create a
scenario, for example for 24 hours (event genéeraftre values used will be based on
real data.

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

Load Type Definition: The function is used to sel¢iee load type of the end
consumer (domestic, Small/Medium/Large commerddedium/Large industry)

Intelligent module: This module will allow the ematbr manage existing resources,
for example loads. In moments when power consumpsidimited by DR programs,
the emulator can optimize consumption (functiooptimizing the implementation of
the priorities of each developed load).

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

Internal Interface Communication: The communicatioth internal interface is used
to obtain the load/generation resources data. @ @dimmunication it can be used the
TCP/IP protocol.

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

The paper exposes the house management systemppdeldy several researchers’
activity presented in literature to allow the peigation on demand response programs. The
main goal to the participation of the end consumpesticularly domestic consumers, in
demand response programs is to obtain a consumpé&duaction in context with the
operation grid. In other words, this capacity of iouse management systems supports the
grid operator in the management of the grid.

The paper presents two application systems ofréiftecountries enabling the interaction
between the power consumption of the end consuniter gvid through participation in
demand response programs. Both systems are pedoimkboratory and use real data
information to obtain more realistic results. ltnche adapted for end consumer with
integration of micro-generation system allowing tiranagement at the same time of
consumption and generation power. In the case ofufal, the Research Group on
Intelligent Engineering and Computing for Advandadovation and Development develop
the SCADA House Intelligent Management. In the aafsBrazil, the Smart Grid and Power
Quality Laboratory develop the Load Emulator.

The two proposed systems are especially usefulsiimulation of the end consumer
according real data profiles enabling the teststhef participation in demand response
programs in a grid context.

Acknowledgements

The research leading to these results has recéiveting from the People Programme
(Marie Curie Actions) of the European Union's Sekieframework Programme FP7/2007-
2013/ under project ELECON - Electricity Consumptidnalysis to Promote Energy
Efficiency Considering Demand Response and NonrieahLosses, REA grant agreement
No 318912.

This work is also supported by FEDER Funds thro@®DMPETE program and by
National Funds through FCT under the projects FCAM®124-FEDER: PEst-
OE/EEI/UI0760/2014, PTDC/SEN-ENR/122174/2010, ang the Project Incentivo
(Incentivo/EEI/UI0760/2014).

References

[1] S. K. Das, D. J. Cook, A. Battacharya, and EH®ierman, “The role of prediction algorithms fret
MavHome smart home architecturéEEE Wirel. Communyvol. 9, no. 6, pp. 77-84, Dec. 2002.

[2] Young-Min Wi, Jong-Uk Lee, and Sung-Kwan JoBléctric vehicle charging method for smart

homes/buildings with a photovoltaic systedtEEE Trans. Consum. Electrgrol. 59, no. 2, pp. 323-
328, May 2013.

[3] M. G. Golzar and H. Tajozzakerin, “A New Inigiknt Remote Control System for Home Automation and
Reduce Energy Consumption,”2010 Fourth Asia International Conference on Mathé&oal/Analytical
Modelling and Computer Simulatip010, pp. 174-180.

[4] L. J. L. Jiang, D.-Y. L. D.-Y. Liu, and B. Y. Brang, “Smart home researchtrfoc. 2004 Int. Conf.
Mach. Learn. Cybern. (IEEE Cat. No.0O4EX82#)I. 2, no. August, pp. 659-663, 2004.

[5] J. Wang, Z. Sun, Y. Zhou, and J. Dai, “Optirdadpatching model of smart home energy management
system,”2012 IEEE Innov. Smart Grid Technol. - Asia, ISGa&012 pp. 1-5, 2012.

[6] F. Fernandes, H. Morais, Z. Vale, and C. Rarfibgnamic load management in a smart home to

59



(7]

(8]
19
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

3% ELECON Workshop

participate in demand response everiEérgy Build, vol. 82, pp. 592-606, Oct. 2014.

G. Wood and M. Newborough, “Energy-use inforioattransfer for intelligent homes: Enabling energy
conservation with central and local displaystiergy Build, vol. 39, pp. 495-503, 2007.

D. Cook and S. Dagmart environments: Technology, protocols and apfiins vol. 43. 2005.

J. Ye, Q. Xie, Y. Xiahou, and C. Wang, “Theeasch of an adaptive smart home system20h2 7th
International Conference on Computer Science & Btion (ICCSE)2012, pp. 882-887.

Q. Liu, G. Cooper, N. Linge, H. Takruri, and Sowden, “DEHEMS: creating a digital environmenmt f
large-scale energy management at home&£E Trans. Consum. Electrgvol. 59, no. 1, pp. 62-69, Feb.
2013.

P. Faria and Z. Vale, “Demand response intetad energy supply: An optimal real time pricing
approach,’Energy vol. 36, no. 8, pp. 5374-5384, 2011.

M. Kuzlu, M. Pipattanasomporn, and S. Rahnidiardware Demonstration of a Home Energy
Management System for Demand Response ApplicatitBEE Trans. Smart Gridvol. 3, no. 4, pp.
1704-1711, Dec. 2012.

C. Chen, K. G. Nagananda, G. Xiong, S. Kisharel L. V. Snyder, “A communication-based applenc
scheduling scheme for consumer-premise energy reamag systemsJEEE Trans. Smart Gridvol. 4,
pp. 56-65, 2013.

M. Samadi, M. H. Javidi, and M. S. Ghazizad8He effect of time-based demand response program
LDC and reliability of power system,” lst Iranian Conference on Electrical Engineeril@QEE),

2013, pp. 1-6.

Y. Ozturk, D. Senthilkumar, S. Kumar, and @€l “An Intelligent Home Energy Management System t
Improve Demand Respons¢PEE Trans. Smart Gridvol. 4, no. 2, pp. 694—701, Jun. 2013.

G. T. Costanzo, G. Zhu, M. F. Anjos, and Gva@d, “A System Architecture for Autonomous Demand
Side Load Management in Smart Building&EE Trans. Smart Gridvol. 3, no. 4, pp. 2157-2165, Dec.
2012.

M. Pipattanasomporn, M. Kuzlu, and S. Rahnian, Algorithm for Intelligent Home Energy
Management and Demand Response Analyl&£E Trans. Smart Gridvol. 3, no. 4, pp. 2166-2173,
Dec. 2012.

A. Anvari-moghaddam and J. C. Vasquez, “Optiedi Energy Management of a Single-House Residential
Micro-Grid With Automated Demand ResponsedwerTech2015.

J. H. Yoon, R. Baldick, and A. Novoselac, “Imic demand response controller based on realrétaéd
price for residential buildingsJEEE Trans. Smart Gridvol. 5, no. 1, pp. 121-129, 2014.

P. Oliveira, T. Pinto, H. Morais, and Z. Val®JASGriP - A Multi-Agent Smart Grid Simulation
Platform,” Power and Energy Society General Meeting, 2012 I§pE1-8, 2012.

60



-~ 0N

O Ses Yes e Y’ i
ELECTRICITY CONSUMPTION ANALYSIS & ENERGY EFFICIENCY

www.elecon.ipp.pt

Regulatory context of smart grids in Europe and

Brazil: current state and trends
Third ELECON Workshop

University of Grenoble Alps — Grenoble Polytechimstitute, Grenoble, France,
November 17-18, 2015.

Intelligent Management of a House Consumption
according Photovoltaic Micro-Generation of Portugal
and Brazil for Demand Response participation

Filipe Fernande®, Hugo Moraig, Valdomiro Vega Garcfa
Zita Valé’, Nelson Kagah

GECAD - Research Group on Intelligent Engineerind €omputing for Advanced Innovation and Develogmen
Institute of Engineering — Polytechnic of PortoEFSIPP),
Rua Dr. Anténio Bernardino de Almeida, 431, 420Q-@brto, Portugal
"NAPREI/ENERQ — Smart Grid and Power Quality Laborgat Polytechnic School - University of Sdo Paulo,
Av. Prof. Luciano Gualberto, 380, 05508-010 S&al®aBrazil

Abstract

With increasing of the energy consumption in thst Igears, the residential sector represents an
important part of the overall consumption in thereleped countries. Several approaches have been
proposed, with emphasis on Smart Grids and Micdsgeoncepts, to obtain an effective participation
of the consumers. For the better management of stisneonsumers, the Smart Home management
systems have been developed in the scope of Smals Goncepts. At the same way, Smart Home
provides more adequate and efficient interactiotwéen the network operator and the consumers
allowing the monitoring and a better control of #ppliances inside the house.

The paper presents an optimization algorithm tdigipate in DR programs considering the loads,
micro-generation and grid connection. The methodipplied in loads and real micro-generation
profiles from University of S&o Paulo and from Rebhnic of Porto.
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1. Introduction

In the new electrical networks operation paradigimnsumers will be seen as active
resources with capability to manage their energgsuomption, energy generation, and
energy storage systems like presented in Figur@dl.implement this vision, several
approaches have been proposed with the main fattiseoconcepts of the Smart Grids (SG)
and Microgrids (MG) [1]. The high penetration oktHistributed energy resources making
the energy management decision more decentralakxlying at the same time, the faster
SG development [2]. The MG (players aggregatedrallsareas) allows the management of
several consumers and distributed generation viiéh gossibility to work in two ways:
connected to the main distribution grid or to opera islanded mode [3], [4].

Technologies

. Photovoltaics

. Solar hot water
. Wind turbine

. Plug-in hybrid electric vehicle
Ground source heat pump

. Smart appliances

. Smart meter

. Batteries

. Energy management system

e = e R B B e

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

The domestic consumers need to use the systemsltbaing the management of the
electrical consumption, the micro-generation urtit® electric vehicles and the consumer
participation in the Demand Response (DR) prograhfisof this energy resources of the
domestic consumer should be considers in a housageament system. In the management
of the electrical consumption are included all lpalkat user has in own house, some with
consumption regulation (variables loads) and oth@rgOff tyoe (fixed loads). The
distributed generations resources consider in timaedtic consumer are in micro scale as,
the wind generator, the photovoltaic panel andctirabined heat and power unit (CHP) [6].
The electric vehicles consider can be conventitewinology needing the charge of batteries
or can be vehicle-to-grid (V2G) having the capatdycharge and discharge the batteries.
The V2G type allows storing energy and making betse of renewable energy [7].

The development of the SG and MG requires the deweént of other new concepts such
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as the smart meter or the Smart Home (SH). The &Hbe defined as a house which
comprises a network communication between all dsvinf the house allowing the control,
monitoring and remote access of all application serices of the management system. The
management system should include advanced functioich as the management of electric
vehicles, the interface with external operatorsuggy functions, among others [8], [9]. A
home to be considered smart should include threén nelements: the internal
communication network, intelligent control systeamsl home automation [10].

The present work focuses in an optimization alparmitto participate in DR programs
considering the loads, micro-generation and gricheation. The method is applied in loads
and real micro-generation profiles from Universitfy SAo Paulo and from Polytechnic of
Porto. The main goal of the method is to obtaincheduling for all energy resources
allowing the participation in DR programs.

After the introductory section, Section 2 presesniergy management concepts used to
develop the active participation of domestic constgmin SG. Section 3 shows the
optimization model developed for energy manageméiform. A database of photovoltaic
micro-generation profiles in Portugal and Brazipresented in Section 4. Section 5 presents
a case study based on Brazilian and Portuguesarscaronsidering different resources in
domestic consumers. Finally, Section 6 presentsiidia conclusions of the work.

2. Energy management concepts
The present section includes some energy managegwrdepts in the domestic
consumers (sub-section 2.1) and the participatiodomestic 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 improveselddanagement Systems (HMS),
such as the existence of integrated residentiawgats [11] or the use of home internet
network in HMS systems [12]. More features are psamgl in [13], namely the use of
wireless communication and the remote access tatonocend control house devices. The
use of user location, user motion detection, andsmement/control devices in houses
electricity sockets is proposed in [14], in orderdetermine the user’s consumption profile.
Besides other features, this system allows turoifigome devices when rooms are empty
(without persons). Figure 2 show a structure oHa&energy management of consumer.

Fig. 2. Energy management model in Smart Home gofit&]

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

Currently, several HMS solutions are proposed fompganies and organizations.
However, the massive use of HMS is still not aitgaBome barriers to the massive use of
HMS keep, for example users don’'t have knowledgi@fexisting technologies; high prices
of the solutions; and the weak users’ interfacepased.

2.2.Participation of domestic consumers in DR programs

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

Several types of demand response are availablg beénTime-of-Use (TOU) programs
the most popular. TOU encourage consumers to dezitb@ consumption in response to a
higher electricity price [19]. The participation DR programs can be managed by an
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aggregator entity, for instance by the curtailmeetvice provider (CSP). The CSP can
manage the participation in demand response ewdntsore than one consumer, making
some guaranties to the system operators, and png\sérvices to the consumers.

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

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

3. Optimization model developed for SCADA House Intelpent Management system

The present section explains the house managerafarm developed in Polytechnic of
Porto (sub-section 3.1) and the optimization motielbe consider in the resources
management module of the SCADA House Intelligenndgement (SHIM) system with
main goal to manage the loads and micro-generatioording 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 Inteitigenergy Systems Laboratory
(LASIE), located at the Institute of Engineeringelytechnic of Porto (ISEP/IPP). SHIM is
a testbed platform with the main goal of testirigyudating, and validating new algorithms
and methodologies to apply into house/buildingshagement. SHIM has real equipment
such as several types of loads, distributed geinargbhotovoltaic panels, wind generator),
and storage systems that allow the simulation@#fkctric vehicles’ behaviour.

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

In the data acquisition part, four modules areudet, namely the sensors, the user
interfaces, the external communications, and tteznal functions.

A database was included to store all the infornmgpimvided by other modules.

The part of the actuators integrates all typeswfrfaces with real hardware, namely
digital actuators, the analog actuators, invertarstor drives, among others. This

65



3% ELECON Workshop

module also includes the internal network managéneonsidering different
protocols.

* The intelligent applications part integrates ale tadvanced functions in SHIM
systems, namely the identification of the contéx, definition of priorities, learning
algorithms, the users’ profiles identification, atite resources’ management. The
modules also need information on the equipmentttioning characteristics, and the
actual status of each device.

. Context
e S Identification

Learning Users Profiles
Algorithms Identification

Priorities
Definition

-
Devices
haracteristic:

Resources
Management

Consumption

Limit Definition
Event
Trigger

Internal
Functions
(Time)

Digital
Actuators
Analog
Actuators

User
Interface

o
D —
|

External
Interface
(DR Events) |

Legend
Remote Devices VPP - Virtual Power Player
/ 1SO — Independent System Operator
& DSO - Distribution System Operator
N CSP — Curtailment Services Providers

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

3.2.Problem formulation of model

The present sub-section presents the problem fatmaolapplied in the optimization for
the participation in DR programs. The objective diiwn to determine the resources that
should continue in service is presented in Equatign The objective function depends of
constraints and Equation (2) intends to determirepiower balance. Equations (3) and (4)
refer to the maximum and minimum limits of loadespectively. If the load is discrete

(On/Off), variable P¥® is equal toRP"". . In this case, the decision is imposed by thergina
variable x ., . Equations (5) and (6) refer to the maximum andimmim limits of micro-
generation, respectively. In this case, the detigoimposed by the binary variabbe,; .
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Equations (7) and (8) refer to the maximum and mimh limits of grid connection,
respectively. In this case, the decision is impdsgethe binary variablec,, , where the grid
connection correspond to the power injected inghé. Equation (9) imposes that the grid
cannot supply and receive power at the same timihi$ model, the power limit corresponds
to the power supplied by the grid.

Z /]Load X PLoad +/1 Grid X PGrid + /1 Down>< RegDown

Minimize f=mi (1)
- Z ADG %Py _/1UP x Rngp
nLoad nDG
I:>Limit 2 Z I:I>.oad + PGrid + Reg)own+ EixedLoads_ Z PDG_ Reg (2)
Load=1 DG=1
I:>Load = PI'_\T)ZEX XLoad (3)
I:>Load 2 I:)I'_\/loiz:dx XLoad (4)
I:>DG = I:)D'\/lGaX X )%G (5)
Poc 2 Rog' X Xog (6)
I:>Grid = PG'\ﬂZX X )%rid (7)
Paria 2 Riia X %sa (8)
Xeia =0 if Ry >0 9)

where:

Down

Grid

SN, NN,

Load

nDG

nLoad

Micro-generation priority factor
Regulation down preference factor
Grid connection priority factor

Load priority factor

Regulation up preference factor

Total number of micro-generation units
Total number of loads
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Xoe Micro-generation binary variable
Xarid Grid connection binary variable

X, oad Load binary variable

DG Micro-generation index

Load Load index

Py Active power micro-generation
Pl Maximum micro-generation power
PD'\g” Minimum micro-generation power
P edLoad Total Consumption of non-controlled loads
P.d Active power of grid connection
PG'\fizx Maximum injected power in grid
PG'\:':Q Minimum injected power in grid

P it Limit power of grid by DR event

P oad Active power of load consumption
PL'\é':g Maximum load consumption

PL'\(’,':d Minimum load consumption
Redoun Power Regulation Down

Reg, Power Regulation Up

4. Photovoltaic micro-generation profiles in Portugaland Brazil

The present section illustrates the photovoltaicraageneration profiles in two different
countries, Portugal and Brazil, and for two differeeasons of the year, winter and summer.
For the analysis of the micro-generation profilélse ELECON makes electricity
consumption data available whenever confidentiaitg data property issues do not prevent
their public use. The publication of these datdésng made in the scope of the IEEE
Working Group (WG) on Intelligent Data Mining anch&lysis. For the present work, it is
considers the photovoltaic generation data avalabh 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 Portuggmlcompared in the case study
according with two real and installed systems. FBnawil, the energy micro-generation data
was acquired from the Smart Grid and Power Quéldéioratory at the University of S&o
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Paulo (ENERQ/S&0 Paulo), which is composed by teotqvoltaic fixed panels. From

Portugal, the micro-generation data were acquirednfthe Intelligent Energy Systems
Laboratory, at the Institute of Engineering — Petyinic of Porto (GECAD/Porto). One of
the three photovoltaic systems operating in GECADcomposed by two photovoltaic
modules with solar tracker to increase the energyetption. The two systems have the
general information presented in Table 1 and Figure

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

Detail ENERQ/Sao 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

1PP
- Photovoltaic micro-generation:
00 Wp

‘GECAD PV System Profile

Location: Porto, Potugal
Commissioning: 22/05/2012

PV system power: 0400 kp

| Micro-generation profiling
| Participation in DR programs
Domestic consumers simulation

usp
- Photovoltaic micro-generation:
2550Wp

Petrolina FV1 - Enerq/USP PV System Profile

Location: 530 Paulo, Braz
Operator: Eudora Scar
‘Commissioning: 31/07/2013

PV system power: 2550 kip

Modules: LG Eletronics Inc. LG255S1C-G2 (05/2012)
‘Communication: | -, Sunny WebBox it Buetooth
Inverter: [ Sunny Boy 2000HF-30
Sensors: g, Sunny Sensorbox

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

In the Public Electricity Consumption Data of ELER@ is selected the PV generation
for southeast of Brazil database a sunny and cloaghfor a winter scenario in the Brazilian
case. The generation profiles for this case arsgmted in the Figure 6 and Figure 7.
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Fig. 6. Photovoltaic power generation for a sunimter day in Brazil
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Fig. 7. Photovoltaic power generation for a clowdgter day in Brazil

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

4.3.Photovoltaic micro-generation for a summer season

In the Public Electricity Consumption Data of ELER is selected the PV generation
for southeast of Brazil database a sunny and claledy for a summer scenario in the
Brazilian case. The generation profiles for thisecare presented in the Figures 10 and 11.
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Fig. 10. Photovoltaic power generation for a susumynmer day in Brazil
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Fig. 11. Photovoltaic power generation for a closdynmer day in Brazil

For the Portuguese case it is selected the PV gémerof a sunny and cloudy day for a
summer scenario. The generation profiles are pteden the Figure 12 and Figure 13.
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Fig. 12. Photovoltaic power generation for a susumynmer day in Portugal
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Fig. 13. Photovoltaic power generation for a clogdynmer day in Portugal
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5. Case study

In the case study is presented the applicatiorh@fdptimization method to a domestic
consumer considering the different generation amdsemption profiles according with each
country scenario (sub-section 5.1). The resultthefcase-study are presented for the Brazil
case in sub-section 5.2 and for Portugal caselirssation 5.3.

The case study was tested on a computer compatitiie2 processors Intel® Xeon®
W3565 3,20GHz, each one with 4 Cores, 6GB de RAMI the operating system Windows
Server 2007 64bits. The optimization module is enpénted by a deterministic approach
based on Mixed-Integer Non-Linear programming (MR Limplemented on th&eneral
Algebraic Modelling System (GAMS)latform interfaced with the computing tool
MATLAB® R2009 64bits.

5.1.Scenario

The defined scenario is based in typical domestiessamers for one region of each
country studied. In the case of Brazil, the loads eonsidered for a typical domestic
consumer of the Southeast Region (S&o Paulo) [22he case of Portugal, it is considers
real and virtual loads in the same simulation foygical domestic consumer of North Coast
Region (Porto) and according simulation platformdaergy management system developed
in GECAD. The Table 2 presents all resources andirman power for each one in
domestic consumers for Brazilian and Portuguesescas

Table 2. Resources information in domestic consarfwrBrazil and Portugal scenarios

Brazilian Case Portuguese Case

Maximum Power Maximum Power

Resource Resource

(W) (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
TV1 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
Light5 60 Light 5 60
Photovoltaic 2550 Photovoltaic 400
Grid 2550 Grid 400

The main differences of domestic consumers consitghe case study are in some
different loads, the micro-generation power cagaaitd consequently, the ability to inject
power in the grid. Besides, the principal differens in the profile and the context of each
domestic consumer.

In the Brazilian case, the main differences in dstmeconsumer are in:

e Electric Shower with more use in the first hourstltd day (between 5:00 AM and
9:00 AM) and in the end of the work (between 5:00 &d 10:00 PM);

» Photovoltaic micro-generation with 2550 Wp of systeapacity and the generations
hours depends of the season and the state of yhiswiany and cloudy day).

In the Portuguese case, the main differences iredgbconsumer are in:

» Dishwasher with more use in the hours after thaatifbetween 8:00 PM and 11:00
PM);

« Photovoltaic micro-generation with 400 Wp of systeapacity and the generations
hours depends of the season and the state of yhiswiany and cloudy day).

5.2.Results of Brazilian case

The present sub-section shows the obtained rdsulBrazilian case. Table 3 presents the
resources state and the priority for each resourbe. resources state are considers for a
sunny day and for a cloudy day in a summer seasoeording with a domestic consumer
typical profile (represented by Initial in Table f8y a summer day in Brazil, it is applied the
optimization method of Section 3 at 6:00 PM witt0@0V of DR Limit. The optimization
results are represented by Results in Table 3.pfioeity values change between 0 and 10,
factor 10 being used for lower priority resourcasd factor O for the highest priority
resources. The red values represent the reducds @waurned off loads.

Table 3. Resources states and priority valuesuiong day and cloudy day in Brazil case

Sunny Day Cloudy Day
Resource . o . o
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
TV1 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 neimii¥ loads in a cloudy day
compared with sunny day due to the lower micro-ggian power;

Only the Kettle is turned off to guarantee the DRitlin the sunny day;

Water Bomb power is reduced (not turned off) torgntee the DR limit in the cloudy
day. The Water Bomb continues to work with lowengamption;

Electric Shower has the higher priority in both slaand continues to work after
optimization;

The capacity to inject power in the grid (Grid) ot used because of
overconsumption in both days.

The general results are presented in Table 4 agurd-il4 for each day type (sunny or
cloudy).

Table 4. Power results with application of DR Lirimpared with initial scenario in ENERQ/Sao Passe

Sunny Day Cloudy Day
Resource . ] . ]
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
B Grid Supply 8 Micro-Generation es§mmDR Limit
7000
ENERQ/Sao Paulo
6000 -
5000
= 4000
g
o 3000
a.
2000
1000
0
Sunny day Sunnyday Cloudy day Cloudy day
without DR with DR without DR with DR

Fig. 14. Loads power consumption influenced by Dittlin ENERQ/Sao Paulo case

The results analyze shows in both cases that thtersyensures the DR limit imposed at
6:00 PM in Brazilian domestic consumer, in the cé3@0 W. Even more, in the Sunny day
the optimization obtain a power of the Grid Sup{@928 W) lower than DR Limit (4000 W)
allowing reduces the power value provided by thd beyond the imposed DR limit. In the
case of the Cloudy day the power of the Grid Suppbgual than DR Limit.

5.3.Results of Portugal case

The present sub-section shows the obtained resulBortugal case. Table 5 presents the
resources state and the priority for each resourbe. resources state are considers for a
sunny day and for a cloudy day in a summer seasocording with a domestic consumer
typical profile (represented by Initial in Table foy a summer day in Portugal, it is applied
the optimization method of Section 3 at 6:00 PMhwitO00 W of DR Limit. The
optimization results are represented by Result§able 5. The priority values change
between 0 and 10, factor 10 being used for loweripy resources, and factor O for the
highest priority resources. The red values reptebenreduced loads or turned off loads.

Table 5. Resources states and priority valuesuionyg day and cloudy day in Brazil case

Resource Sunny Day Cloudy Day
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Initial  Priority Results Initial Priority Results
Refrigerator 120 6 120 120 6 120
Iron 1000 9 1000 1000 9 1000
Vacuum 0 9 0 0 9 0

138 9 138
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
Light 1 0 8 0 0 5 0
Light 2 0 8 0 0 5 0
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 neimtif loads in a cloudy day
compared with sunny day due to the lower micro-ggian power;

Reduced power in Light 3 for a sunny day due toltheer priority compared with
cloudy day;

Needed to turn off the Chest Freezer, TV 1 and T\W&e to the lower micro-
generation power and the higher lights priority;

The capacity to inject power in the grid (Grid) ot used because of
overconsumption in both days.

The general results are presented in Table 6 agurd-il5 for each day type (sunny or
cloudy).

Table 6. Power results with application of DR Limémpared with initial scenario in GECAD/Porto case
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Sunny Day Cloudy Day
Resource
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
Bl Grid Supply  E Micro-Generation es§mmDR Limit
7000
GECAD/Porto
6000
5000
2 4000
g
3 3000
[~
2000 -
1000 -
0
Sunny day Sunny day Cloudy day Cloudy day
without DR with DR without DR with DR

Fig. 15. Loads power consumption influenced by Diitlin GECAD/Porto case

The results analyze shows in both cases that ttersyensures the DR limit imposed at
6:00 PM in Portuguese domestic consumer, in the 8860 W. In the case of the Sunny day
the power of the Grid Supply is equal than DR Lirmtthe other hand, the results of Cloudy
day show the Grid Supply power obtained (2914 Wjelo than DR Limit (3000 W)
allowing reduces the power value provided by thié beyond the imposed DR limit.

6. Conclusions

The paper exposes an energy management conceptsiagcwith active participation of
the domestic consumers through Smart Home apgitati Smart Grid context. The paper
presents a methodology developed for the SCADA Hdotelligent Management platform
to manage the loads and micro-generation to ppaticin in Demand Response programs.
The work has a special focus in the photovoltaicroigeneration profiles in two different
countries, Portugal and Brazil, presenting a databfar each one to be applied in the
methodology developed. The case study shows theoaeiogy application for two different
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scenarios, Brazil and Portugal case.

The proposed model is especially useful for eneggpurces scheduling when occurs a
Demand Response event to limit the power consumpitio two different contexts of
domestic consumers.
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Abstract

The last changes in the power systems made poshiiategration of new concepts and agents in the
electrical distributed network. Concepts, suchsasart grids, microgrids and smart houses will have
big roles in the future of power systems. This pajgmonstrated the use of devices to be implemented
in smart houses for monitoring and controlling e$aurces/equipment. The adoption of this kind of
devices are necessary in order to produce auton®nmsponse for demand response events. One of the
main problems regarding the integration of monitgrand controlling devices are the installation of
the device that can imply wiring installation. Thiee of power-line communications in electrical
resources brings highly advantages, using theiegisables in a simples an easier way. This paper
propose a device for controlling and monitoringctdeal resources. The paper presents a real
installation of this device in GECAD laboratories foonitoring and control the ceiling lights.

Keywords:Energy resources, house management system, pio@ereimmunication.

1. Introduction

In the last years the smart grid concept has bateoduced in scientific community, this
concept brings clear advantages for the distrilbbutietwork and players (from the market to
81



3% ELECON Workshop

the end-user) [1][2]. The application of smart grimpens the opportunity for new concepts
and technologies, such as, microgrids, smart metedssmart houses [3]. This paper will
focus on the smart house concept and the interadi@iween the loads and the house
management system.

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

Smart home technology gives a totally differeniifidity and functionality than does
conventional installations and environmental cdnggstems, because of the programming,
the integration and the units reacting on messagésnitted through network [5]. The
integration of resources (loads and generationpegeint) in a smart house can be done:
using new equipment that already have integratagrabilities (control and communication
protocols); or retrofitting old equipment enablitigeir control and monitoring. For this
paper, it will be used old equipment that will bdapted to integrate a smart house
management system.

This paper is organizes as follows. After the édifntroductory section, Section Il will
present SOICAM system. Section Il will present ttmenitor device developed for this
work. Section IV will present the results obtaiteTmost important conclusions of the work
are presents in Section V.

2. SOICAM System

The SCADA Office Intelligent Context Awareness Mgament (SOICAM) was
developed by Research Group on Intelligent Engingeand Computing for Advanced
Innovation and Development (GECAD) and is impleradnin two buildings of GECAD
R&D group. The system was developed and implememdednonitor and control the
installations [8]. SOICAM system is composed by tlagers: the infrastructure layer that
enables the integration of real equipment and mgtdand the operational layer represented
by a computational agent that controls and manalgesinfrastructure using forecasting,
optimization and scheduling algorithms for userpgurp

The two building used in SOICAM had more than 3€esrchers working daily. One of
the buildings have a 7.5 kW photovoltaic generatiapability, this power is injected to the
main grid. The monitor and control of the buildingee made with a total of 6 energy
analyzers with RS-485 connection, 1 energy analyzigéh Ethernet connection and 1
Programmable Logic Controller. One of the buildingsve 1 energy analyzer connected
through RS-485 with the energy analyzer with Etberoonnection, this configuration
enables the outside communication without the méedProgrammable Logic Controller, or
any other centralizer. The other building has Sgnanalyzers connected, through RS-485,
with the Power-Line Communication - PLC (Figure[9). The energy analyzers used have
an auxiliary port for control, these ports are axiad 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 iigrgy analyzers that measure and
control sections of the building (never less thaoffRes per energy analyzer). This can be a
limitation for the application of a more detailentdgprecise load monitoring and control.

Electrical
Switchboard 2
= o e
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1 1 I 3 4
| 1 1 | |
I (S| = |
I 11 I 11 I
| 1 | M | P

1
I-
== RS485

Main
Communication
Switchboard

Figure 1. Partial Eletrical Switchboard of SOICAM.

The next step for the SOICAM system is to contnadl ananage the laboratories using
individual control and monitoring. The individuabrtrol and monitor will bring a better
understanding of the consumption loads and wilbvala more suitable approach for the
optimization algorithms that need to be executaithdDR events.

In the past, it was executed a test for individugitrol and monitor of the refrigerator and
the advantages were clear [10]. The interestinglltesof the refrigerator give us the
motivation to prosecute an individual monitoringlasontrol of more and more devices. For
the refrigerator control and monitor is used theicke of Figure 2. The device is able to turn
on and off the refrigerator, read the real-timestonption, measure the inside temperature
and measure the outside temperature. The develdpeide use ZigBee communication
protocol and provide us with more than 1 reading ménute (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 otdeeutilize the energy cables that
power the load. The PLC was developed from scragding into account the final
implementation. The retrofitting of equipment cantbme-consuming and expensive. One of
the biggest problems is the installation of unnsagswires for communication. PLC uses
the existing power cables of the house, not beetessary the new installation of
communication cables.

The device communication is separated by two discoine transceiver and one receiver.
The transceiver is responsible for transforming ighhfrequency analog signal in a
modulated sinusoidal signal composed with the dligitformation that we want to send. The
transceiver is connected directly to 230 V/AC. Tdevelopment of a transceiver must
consider the following modules: a Colpitts oscdlata common collector amplifier; one
ASK modulator; and a signal transformer for the 28@.C network interface. Figure 3
shows the electrical schematic of the developezlitir

The blue area of Figure 3 shows the Colpitts aoitl this circuit generates a high
frequency analog signal that will be carrier wavetloe information signal. The high
frequency analog signal then passes to the commlbector amplifier (green area), which
has a low output impedance and a high current gdin. signal is then modulated using a
ASK modulator (yellow area) and sent to the eleatrihouse 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 modadasinusoidal signal, received from the
230 V/AC network, into a demodulated digital signdhe modules of the receiver are: a
signal transformer; a common emitter amplifier;gpee filters; one ASK demodulator; and a
voltage comparator. Figure 4 shows the electrichésatic of the receiver.

The signal of electrical house network is receiusithg a signal transformer (red area of
Figure 4). The signal is then amplified using a omn emitter amplifier, represented in
yellow area. At this point, the signal has a lothofse originated from the electrical house
network. The green area of Figure 4 shows mulfifikrs capable of cleaning the signal to a
point where is possible to retrieve the maximum léogte of signal. Then is applied an ASK
demodulator on the signal (blue area). The demdalulaignal is sent to a voltage
comparator (purple area) that analysis two sigaald outputs the larger signal. At this
moment, the circuit had the original signal witk gent information.
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Figure 4. Receiver eletrical circuit.

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

Figure 5 shows the result of the communicationsteising the circuits above. The blue
signal is the data that we sent to the PLC, whiéegreen signal is received data. The signals
are similar enough to be interpreted by a micracdler. Is possible to see gap between
signals created by the signal modulation, transgiori and demodulation.
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Figure 5. Communication test.

The device developed works with an Arduino Megas Brduino can connect to energy
analyzers using RS-485 communication with Modbu$JRfotocol, and/or control devices.

GECAD laboratories have controllable ceiling lightsd controllable window blinds. The
device can connect to these loads and acquireacd@wver them.

86



Regulatory context of smart grids in Europe and@8raurrent state and trends

4, Case Studies

GECAD laboratory ceiling lights are used for thésse study, the device will control the
ceiling lights and monitor the consumptions of tights. The laboratory has 5 controlled
ceiling lights that can be individually turned aiimmer adjustable and turned off. The case
study will use an energy analyzer for consumptio@asuring. The device use RS-485
communication, with Modbus/RTU protocol, for the nmounication with the energy
analyzer.

It was used two devices for this case study: onsetenghat sends the commands and
receive the consumption information; and one skiexce that execute the commands sent,
measure the consumption and send back the consumapfror this paper it was used two
Arduino Mega with PLC, one for the transceiver atiter for the receiver. It was putted 5
on/off switches and 5 potentiometers connectedh¢onaster microcontroller. The switches
can control each individual light while the potemtieters can control the dimmer of each
light. Figure 6 shows the communication frame useithis work. After the starting byte the
information send are the state of each potentiom&tes second part of the message has the
state of each switch. The receiver device is camgeto 5 relays (5 V to 230 V) and an
amplifier for the dimmer (amplifying a signal froda5 V to 0-10 V).

69-255-255-150-0-255-68-1-0-0-1-0:43-69

Information Byte Switches states

Potentiometers states CRC

Figure 6. Communication frame.

The frame is sent from the master to the slaveyetiare there are any changes in the
states (switches and potentiometers). The consamptie sent once each four seconds from
the slave to the master. For this case study whsedsome actions to be executed in the
switches and potentiometers in order to reporsifstem reaction. Figure 7 shows the impact
of the lights. In scenario A all the lamps are sing the lower dimmer (0 V), in scenario B
the dimmer are at the middle value (5 V), in scen@rthe lights have the maximum dimmer
(a0 v).

Figure 7. Laboratory ceiling lights.

Figure 8 shows the real-time consumption read ftloeenergy analyser and sent to the
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master device. On the chart there are indicaticdh@&xecuted actions during the case study.
Each action has its own impact in the consumptibthe lights. When the switches are
turned on (On Sy the consumption increases. The changing of therdirs are made for
the 5 lights together and had a big impact on thesemption, putting the consumption
under 200 W. The actions and the consumption hare glelays that happen because of the
communication delay or even because missing dateiframes (bad CRC in the side of the
slave).

Figure 8. Ceiling lights real-time consumption.

5. Conclusions

This work presents a device for equipment monitprand control in a smart house
context. The device presented uses power-line coriwation in order to use the existing
cables. The use of power-line communications britigar advantages for retrofitting. The
paper describes the developed device and valilatproposed device in SOICAM system.
The case studies of this paper shows the succexysfuation of power-line communications
in laboratory. The develop device allows real-ticomsumption monitoring and load control.

The main contribution of this paper is the prootohcept of the developed device using
real laboratories. The work presented has cleaarstdges comparing to the normal wireless
communications, power-line communications can belue closed rooms with thick walls.
As disadvantage, power-line communications havélpms working in an unstable power
network (i.e. situations with a lot of noise andtdition).
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Abstract

Residential and commercial buildings represent astamitial load for electric energy systems. Being HVAC
comfort system of a building an important energadoits optimization is fundamental for energy-@éfit buildings.
The literature, supported by theoretical models sindlilations, has reported that ceiling fans care smergy when
correctly used in HVAC systems. The breeze creétedhe fan in a room can influence the thermal ainf
sensation of the occupants in such way that theaiditioner thermostat can be set some degredthig the
summer or lower in the winter. This paper aims tespnt experimental evidences, statistically supporthat the
presence of a fan running in a thermally controli@mbient allows to increase the temperature withedticing the
thermal satisfaction level of the occupants. Th&t fiesults have shown that, for an f8oom, with three occupants,
such increase is about three-Celsius degree, sednWh.

Keywords:Ceiling fans, Energy efficiency, Thermal sensatibimermal comfort.
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1. Introduction

Residential and commercial buildings represent 886 to 40% of the electricity consumption of
the power grids. Heating, Ventilation and Air Caiatiing (HVAC) comfort systems account for 39% of
the energy consumed in commercial buildings [1-Bhen, HVAC system optimization plays an
important role in energy-efficient buildings design

The literature has reported the possibility of ggesaving when increasing cooling setpoints and
decreasing heating setpoints of the HVAC systerhawuit a reduction in the occupants’ thermal comfort
by using individual comfort systems like ceilingdadesk fans, foot warmers, heated or cooled seats a
workstation surfaces [4-5].

By using parametric simulation study of seven alies and six model types, with empirical
corroboration, Hoyt at al. [4] has reported the dfitnof widening thermostat heating and cooling
setpoints to save energy in a typical medium offio#ding. By increasing the cooling setpoint of 22
to 25°C, 27% of HVAC energy saving was achieveddiRing 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), Leale[5] has reported that, in the summer, the
use of a ceiling fan can allow a increasing of .2 the setpoint of an HVAC system thermostat wiitth
difference in the user comfort. This increase astrcooling costs from 8% to 16 %.

The human thermal sensation and comfort are suNgecbncepts, but can be indirectly measured and
quantified [1, 6, 7]. It can be said that HYAC syss are not used for heating nor cooling, but for
providing the thermal comfort, decreasing the oecut warm sensation in the summer and cold
sensation in the winter. A common interaction wilib comfort systems is the choice of the tempegatur
setpoint. The decision to change the temperatutioisg is a reaction of the environment occupant
against the thermal discomfort sensation. It isvkmas the adaptive principle which states that if a
change occurs, producing discomfort, people reaatays that tend to restore their comfort. The dpsfe
the air surrounding the occupants' skin is oneheffactors that influence the thermal comfort stosa
[1, 6, 7], thus, a fan can influence the tempemtetpoint value choice and the different setpoart
make a difference in the energy consumption of &#& thermal comfort system.

This paper aims to present experimental eviderstasistically supported, that the presence of a fan
running in a thermally controlled ambient allowsriorease the temperature without reducing thenther
satisfaction level of the occupants. Thus, to eat@uhe thermal sensation, experiments have begada
out using volunteers (human in the loop) in a thetyrcontrolled small room.

Once the thermal sensation is a subjective responise evaluated, another objective of this redearc
was to design an instrument to quantify the volerisethermal sensation according to the averagmroo
temperature.

2. Materials and Methods

Two experiments were carried out in two days. Inhbexperiments the room temperature was
increased from the natural condition, about 23°G thigher temperature, about 33°C, by means of a
2500W heater. For the second experiment a 60W t@des was added, operating at its maximum
speed. The main idea was to compare the hot sensatboth cases.

Three students, two males and one female, occupétbom during the experiments. This room was
properly equipped with five temperature sensors, @meach desk and two on different points; humidit
CGO, concentration and volatile organic compound sendidnis room is shown in Figure 1.

It was developed a measurement instrument to g#tleethermal sensation of the people taking part
in the experiment. This instrument is a chart cinimg ten, one for each measurement, linear scales
varying from -10 to +10, being -10 the maximum cséhsation and +10 the maximum hot sensation and
zero the neutral point of this scale. Figure 2 shivis instrument.
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Fig. 1- Room of 6m x 3m where the experiments have bedbrpeed.
2.1. Experiment Flow

At the beginning of each experiment, the studerdeevasked to put a mark on the first scale of the
chart, according to their thermal sensation. Ifythee feeling hot, they should put a mark above ziér
they are feeling comfortable, they should mark @moz otherwise they should mark below zero,
according to the intensity of their sensation. yiiveere asked to do the same for each degree of
temperature increase until the end of the experimen

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

Once the ANOVA showed that temperature does affeetthermal sensation, as expected, it was
performed the Tukey’s test to identify the diffeces between the means, and at which temperatwegs th
occurred.

The experiment flow chart is shown in Figure 3.
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Fig. 3 —Experiment flow chart

3. Results
3.1 Heating the room
In both experiments the room was heated by a 25@Mtrical heater. The evolution of room

average temperature is shown in Figure 4. During theasurement, the heater average power was
2553W. To increase the temperature of this roof @ it took 1424 s.
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Fig. 4 — Room average temperature during thediperiment
3.2 Results from the first experiment — Fan turoféd

The results from the first experiment (Fan offsiown in Table 1. The three participants’ thermal
sensation was measured for nine different tempersitu

Table 1 — Participants’ thermal sensation for miifferent temperatures with the fan turned off

From Table 1 can be seen the thermal sensatiothéoparticipants for temperature ranging from
23.1°C to 32.7°C, followed by its mean, variancel astandard 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 thesenshtion increases as the temperature increases.
The data from Table 1 was used to perform an aisatfs/ariance (ANOVA) to confirm statistically tha
there are differences, at least, between two thanmeln fact, ANOVA is the statistic used for the

following hypotheses test.
Ho:m=m= =m
Hyimt m

The results from the ANOVA test are presented ibl&@&. As the P-value is very small, the null
hypothesis of equality among all means has to jeeted at a significance level less than 0.1% [8].
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Table 2— ANOVA results for data in Table 1

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

Although the rejection of null hypothesis gives théormation that there are, at least, two différen
means, it does not inform which means differ froache other. To answer this question, a multi-
comparison procedure must be used. There are $@vecadures for multi comparison, for this pager t
Tukey’s procedure was chosen for its popularity singplicity [9].

The Tukey's procedure consists in testing all paifsneans. It declares two means significantly
different if the absolute value between them exsdbd Tukey’s statistic. For the purpose of thipgra
the interest relies on knowing the first signifitdifference involving the first mean.

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

Tukey Simultaneous 90% Cls
Differences of Means for Hot Sensation

-4 ==
a4l ==
343 b —
0 5 10 15

If an intervaal does not contaln Zero, the cormesponding means are significontly different.

Fig. 6— Comparison among the thermal sensation meansddirsih experiment.

From the Figure 6 it can be seen that the firsti@ant increase in thermal sensation occurrednvhe
the room temperature reached 27.6 °C.

3.3 Results from the second experiment — Fan tuoned

The experimental matrix, ANOVA and dispersion of theans are presented in the Figure 7.
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58 15 45 00 2.000 5.25 2.29
%S 15 53 20 3133 5.80 241 | 3 P -
TE 25 &0 10 3167 £52 257 | € T BN
285 25 654 30 3.967 450 212 TH = . Q H - j
28 30 &5 70 5.500 475 218 | | I =y |
33 35 70 100 623 1058 3.5 | @ 2, E '
18 40 80 19 7333 933 306 | E = G
326 40 92 100 773 1061 E |
ANOVA- Analyzis of Variance =
Source DF 55 W5 F-Value P-\alue
Tempersture 5.0 1247 23082 3.110 0.022 50l
Evror 180 1335 7417 3.4 a4 2685 227 4.6 9E 3ng s 2s
Toml 260 3182 Room Temperature (°C)

Fig. 7—Experimental matrix, ANOVA results and dispersidrihe means

From the ANOVA, in Figure 7, it can be seen that thull 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 faignificant increase in thermal sensation occurred
when the room temperature reached 30.9°C.
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Fig. 8 -Comparison among the hot sensation means for tumdexperiment.
4. Discussion

In the first experiment, with the fan off, the ialttemperature was 23.1°C, the first statistically
significant changing in the room occupants thersegisation occurred at 27.6°C, thus just after dloenr
average temperature had increased 4.5°C, the ausug@monstrated a significant thermal discomfort.

In the second experiment, with the fan on, thaahtemperature was 23.4°C, the first statistically
significant changing in the room occupants therseaisation occurred at 30.9°C, thus just after dloenr
average temperature had increased 7.5°C, the ausugp@monstrated a significant thermal discomfort.

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

The energy consumption to increase the temperafutee room used in the experiments in 1°C was
1.02kWh, that was completely converted in heatd&orease the room average temperature of the same
1°C, the HVAC system has to remove the same enémgy,1.02kWh. Considering a typical value of
EER (3.30), it will result in a consumption abou@@kWh.

5. Conclusions

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

To conduct these experiments a measurement ingttutnegather the thermal sensation from the
participants of this research was developed ancesstully employed.

In both experiments the temperature inside a sroafh, with three occupants, has been increased by
a heater. It was necessary 1.02 kWh to increasetite temperature in one Celsius degree. In thenskc
experiment a pedestal fan has been running ink&eoom.

In the experiment with the fan, the occupants’ tedrsensation suffered a temperature delay of about
three-Celsius degrees. In environments where tiseeecombined use of fan and HVAC system, this
delay allows to increase the setpoint of the thetatof air conditioner energy without a differemeehe
user comfort. Considering the gap of three-Celdagrees this saving can reaches 0.9 kWh.
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Abstract

An increase in economic activity also increasesdémand for electricity, which is not followed by a
increase in power supply, creating thus, a gap éatveonsumption and supply. The reduction in this g
requires a significant mobilization of resources ling periods. In addition, the Brazilian energgtrix
comes progressively incorporating renewable enesgyrces (wind and photovoltaic), which are
inherently intermittent. This scenario push managermaintain electric system reliable, availabie a
modern. Energy storage can be a short and meditrmdelution for these challenges as it has several
applications in electrical systems, bringing betsefuch as delaying expansions and upgrades of the
transmission and distribution systems, integratralternative energy sources with the electridgri
reducing losses, etc. However, in spite of suchefiesn energy storage is not widely used. This pape
aims to present the benefits arising from the gnstgrage as well as a research proposal to igethig
main obstacles to spread the use of energy stamabe electric grid.

Keywords:Energy storage, alternative energy resourcessrression system, distribution system.

1. Introduction

Over the past forty years, the electricity consuamphas been increasing in Brazil. The electricity
consumption between 1970 and 1985 grew at an aweedg of 10.6% [1] and between 1996 and 2006
the consumption grew at an average rate of 5.1%A8p according to [2], the projected growth fhet
period between 2010 and 2020 is around 4.9%. Adegriab [2], to meet the growing demand it would
require the power of installed generation to grdvara average annual rate of 4.7% by 2020. However,
the annual growth in generating capacity betweery#dars 2005 and 2009 was approximately 2.5% [3].

The Brazilian power system relies mostly on largavg@r plants far from large consumer centers what
requires long transmission lines. In 2010, the msitn of the national grid transmission lines was
approximately 100,000 km. According to [2], it ispected that they extend to 142,000 km, an increase
of approximately 40% which means an average anexgzdnsion (in km), about 4% in the transmission
grid. Thus, it is possible to conclude that the dathfor electricity has been growing steadily aigher

! Corresponding author.
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rate than the system modernization rate. Such gas the system gradually decreases its capacity to
meet the demand.

Because of such gap, the number of interruptionthénpower supply has been increasing [4], [5].
The estimated cost of interruptions to Americanstoners is approximately $ 80 Billion per year [5].
The interruption in the power supply highlights thefficiency of the electrical system and emphesiz
the need for modernization of the system so thaaiit adequately respond to the growing demand for
electricity.

According to [4]-[6] there is a very high incidenoéd discontinuations in power supply due to
problems at the level of transmission and distidyutand such disruptions could be mitigated by
adopting a distributed energy storage strategy.l&Mhiilding new generating plants and transmission
lines is an expensive and time-consuming endedverenergy storage can optimize the current etadtri
system capacity factor. The storage could be a nem@nomical alternative to the expansion of
infrastructure [5]. In addition, alternative sowsoaf energy, particularly wind power and photovicka
have increased their participation in the compaositf electricity generation facilities [1]-[5]. tlough
beneficial from an environmental point of view [18} intermittent character in the supply of efieity
increases concerns about the reliability of theesys The literature [4]-[9] points energy storageaa
natural solution for the integration of alternatamergy sources to the electrical system.

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

The objectives of this paper are to relate the fiisnbrought by energy storage and propose a
research method to identify and study the mainamiss$ to the spread of energy storage.

Such a research is justified since it will provitie academic community with relevant information on
energy storage, such as the benefits brought thdt,main technologies, how these technologies are
classified, the main applications for these tecbgiels, the requirements of such applications, tetsc
and the efficiency and lifetime of the main tecloyiés.

2. Grid Storage Applications and their Benefits

As previously emphasized, one of the most promisamproaches to addressing the growing
limitations of the electric grid and the increasihgmand for electricity is to incorporate energyage
technologies into the grid. Energy storage can idewmultiple benefits, including balancing services
such as regulation and load following; supply powering brief disturbances to reduce outages; defer
transmission and distribution upgrades; and greathance the electric grid reliability.

According to [4], [5], [11], [12], some of the gri&tore applications and the benefits associatethare
following.
2.1. Electric Energy Time Shift

Charges the storage plant with inexpensive eleetniergy 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 ggioercapacity [4], [10].
2.3. Load Following

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

2.4. Area Regulation

Reconciles momentary differences between supplydanagand within a given control area [4].
2.5. Electric Supply Reserve Capacity

Maintains operation, when a portion of normal sygpcomes unavailable [4].

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

Postpones the need to upgrade transmission amibdistn infrastructure [4].
2.8.Substation On-Site Power

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

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

Reduces charges for energy drawn during specifi& pemand times by discharging stores energy at
these times [4].

2.11. Electric Service Reliability
Provides energy during extended complete powemestf].
2.12. Electric Service Power Quality

Protects on-site loads against poor quality eveptssing energy storage to protect against frequenc
variations, lower power factors, harmonics and ottigrruptions [4].

2.13. Renewables Energy Time-Shift

Stores renewable energy, which is frequently, pcedwuring 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 ssupgeusing stored energy in conjunction with
renewable sources to provide a constant energyhs{#dp[10].

2.15. Wind/Solar Generation Grid Integration

Assists in wind- and solar-generation integration reducing output volatility and variability,
improving power quality, reducing congestion probde providing backup for unexpected generation
shortfalls, and reducing minimum load violation§ [8], [9].

3. Proposed M ethod to Carry on this Research

According to [4], the bulk energy storage has tbgptial to transform and modernize the power grid.
However, there are a number of factors that hirttleir widespread adoption. The challenge to be
overcome by such a research, before reaching @sath\goal is to understand and prioritize the stdfics.
Then, in order to identify such factors, a survapudd be carried out by means of a qualitative estag
followed by a quantitative one, as shown in Figlre

3.1. Literature Review
Literature review will be made to identify some tbe obstacles that hinder the spread of energy

storage through the eyes of experts. In additiobmili better place the subject in context, inclugliits
characteristics and the benefits arising from ftpligation in the electrical system. This review! e
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taking advantage of the research opportunities wcted in the United States, where the issue has bee
extensively studied.

Designing
Quantitative Resear

v v

Designing
Qualitative Resear!

v v

Literature Review

Collecting Data

Collecting Data Data Analysis
Data Analysis I Workshop
| Workshop Technical Report

Fig. 1. Step flow for a research intended to idgrand classify the obstacles to the deploymeriudk
energy storage in the power grid.

3.2. Designing the Qualitative Research

This step will begin with the identification of tharget audience of the research. Once identifietl a
quantified this public, it will be defined the appch to be used, census or sample, and the most
appropriate technique to the research proposah gpestionnaire, focus group, etc. This stage lvéll
completed with the development of the data colecinstruments.

3.3. Collecting Data (qualitative stage)

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

3.4. Data Analysis (qualitative stage)

After a content analysis, the qualitative reseassults will be summarized in a set of variablest t
are, obstacles that hinder the spread of energggso This set will be faced with that obtainedha
literature review. From this confrontation, it i@gsible that some of the obstacles perceived by the
stakeholders have already been reported in thratiite2, while others have not.

3.5. | Workshop

This workshop will make possible the stakeholdersliscuss the first findings of this researchsilt i
intended that the obstacles and proposals are etbb@sulting in new contributions for researchislt
possible that ideas for the quantitative phas@éefésearch arise from this debate.

3.6. Designing the Quantitative Research
There are several possibilities of treatment fa ¥ariables identified during the qualitative phase

they can be sorted according to their importantey tan summarized in a small number of underlying
factors by means of factorial analysis and a végialuster analysis can be used to group thesahlas.
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Once defined the technique to be applied, it wallfecessary to develop the appropriate data-coldect
instrument to be submitted to the stakeholders.

3.7. Collecting Data (quantitative stage)

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

3.8. Data Analysis (qualitative stage)

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

3.9. Il Workshop

The overall results of this research will be présénas well as the proposals for deployment of
energy storage throughout the electrical systemil&i to what may occur in the previous workshays i
possible that new proposals emerge from the dismss

3.10. Technical Report

The final product of this research will be a teclahireport. It will be contextualized by a synopsis
the literature review, containing the results oélgative and quantitative research and a setratesjies
suggested to overcome the obstacles that hindeleghleyment of energy storage.

5. Conclusion

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

According to official data, the Brazilian electgcid has been working at the limit to meet the dednior
electricity. This struggle requires a significantbiiization of resources for long periods. Enertprage

has been pointed out as a less expensive andtehmedium term solution for these challenges asst
several applications at different levels of the pogrid. However, despite all the benefits, enestgyage

is not widespread in Brazilian electric grid. Thiaper aims to present the obstacles pointed out by
literature and those emerged from a survey conduateong research groups, government agencies and
utility companies. Among the most cited obstaclesthe high cost of storage technologies, ins#fiti
technical progress of storage technologies and rewewable penetration in the grid. Ranking such
obstacles, it will possible to take actions to @eane them and improve the energy storage deployment
Brazil.

Keywords:Energy storage, alternative energy resourcessrression system, distribution system.

1. Introduction

Over the past forty years, the electricity consuampincreased at a rate of 6.1% per year in Bfazil
According to [2], the projected growth for 2024about 4.2% per year. Also, accordingBoeur !
Source du renvoi introuvable, to meet the growing demand the installed capdwity to grow at an
average annual rate of 3.8% by 2024, what meaimEitease the installed capacity about 55%, whiah is
very ambitious goal.

The Brazilian power system relies mostly on largevgr plants far from large consumer centers as
long transmission lines are necessary. In 2014eftension of the national grid transmission lines
approximately 119,426 km and it is expected thay till extend to 195,154 km in 2024, an increake o
63% [2]. The demand for electricity has been grgnahhigh rates and the grid has to follow the daina
in order to prevent interruptions in the power dypput if anything goes wrong like lack of rairfand
schedule delays, then a gap between demand andly smiipbe created. The bigger is these gaps, the
greater will be the number of interruptions [3]].[Zhe estimated cost of interruptions to American
consumers is approximately $ 80 billion per yedr [4 order to decrease the risk of interruptiohs t
power grid must be constantly updated. The tratdi@pproach of building new generating plants and
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transmission lines is an expensive and time-consgrandeavor, the literature [7], [8] claims the rgye
storage is a more economical alternative to theesipn of the power grid as it can optimize theentr
electrical system capacity factor.

In addition, alternative sources of energy, paltéidy wind power, have been increasing their sliare
the electricity generation in Brazil. According 2] wind power’s share of electricity generationllwi
increase from 3.7% (7 GW) in 2014 to around 11.8% GW), and according to [6] their intermittent
behavior increase the level of difficulties thatvbao be managed by the grid. According to [4]-[10]
energy storage is a natural solution for the irg8gn of alternative energy sources to the powit. gr

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

According to [6], [11] there are several servidest ttan be provided by energy storage system®at th
level of generation, transmission and distribusgatems as well as at the consumer level.

2. Energy Storage Applications and Their Benefits

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

At the generation level, applications like Electnergy Time-Shift and Electric Supply Capacity are
supported by Pumped Hydro Power Systems and Cosgatesir Systems. There are other applications
related to Ancillary Services that can be suppoligdther technologies, among these applicatioas ar
Regulation, Spinning, non-spinning and supplemergaérves, voltage support, black start. Related to
renewable integration there are applications lika&wvable Time Shift and Renewable Capacity Firming
[3]-[13].

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

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

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

Table 1 — Applications and benefits from energyade

Level Main Group Service

Electric Energy Time-Shift (arbitrage)

Electric Supply Capacity

Regulation

Spinning, Non-spinning and  Supplemental
Generation Ancillary Services Reserves

Voltage Support

Black Start

Renewable Time Shift

Renewable Capacity Firming

Bulk Energy services

Renewable Integration

_ Transmission Transmission Upgrade Deferral
Transmission . o . .
Infrastructure Services Transmission Congestion Relief
Distribution Distribution Upgrade Deferral

Distribution Infrastructure Services Voltage Support

Power Quality

Customer Energy Power Reliability

Management Services Retail Electric Energy Time-Shift
Demand Charge Management

3. Energy Storage in Brazil

The Brazilian experience in energy storage redices 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), tiiéque Brazilian experience in bulk energy
storage

Despite all the benefits brought by energy storatges not widespread in Brazilian grid, and this
raises the following questions: What are the olstato energy storage deployment in Brazil? What ca
be done to overcome such obstacles?

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

4. Research Method

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

In order to answer these questions the researchieggned according to the following steps.

4.1. Literature Review

It was identified the some of the obstacles thatiéi the spread of energy storage through theayes
world experts. In addition, it has better placeel slubject in context, including its characteristosl the
benefits arising from its application in electrialstems. This review took advantage of the rekearc
conducted in the United States, where the issubéas extensively studied.

4.2. Survey

A survey was conducted among 46 research groupse thovernment agencies and ten utility
companies. The answers were invited to read a glavaigraph (83 words) about energy storage benefits
and then asked to answer a question stated ahthefehe text.
“It is known that demand for electricity has beaoreasing over the years and this increase halsemot
followed by a corresponding increase in electrigitypduction and transmission & distribution grid
update. This increases the pressure on the elgctyistem to keep its reliability. However, the egsary
investments to reduce the gap between demand gudysare too high and for the long term. Some
studies suggest the energy storage as a shoratetiess expensive means of reducing such deficit.
What are the obstacles for the deployment of enstgage along the grid in your opinion?”
4.3. Collecting Data

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

During this stage, all the answers have been radd after a content analysis, twenty-six key terms
were identified. For example, for the following amss it was identified the key terms: lack of
knowledge, low energy capacity, short storage dumathigh cost, low life cycle and disposal
environmental issues.

“l believe that the main obstacle is the lack of videdge of the stakeholders on the available
technologies.”

“Considering the batteries, the main obstacles_aveénergy capacity, short storage duration, higbtco
low lyfe cycle and disposal environmental issues.”

4.5. Classification of the Key Terms into Obstacles

Once key terms had been defined, they were groumedleven categories. In fact, each category is
an obstacle having different numbers of key terss®aiated to it.

For instance, the key ternshort storage durationow energy capacitylow efficiency low life cycle
andneed of power electronics advancere classified under the obstacle narmsifficient Technical
Progress.

5. Results
5.1. Obstacles from Literature

According to [3], there are great opportunities éoiergy storage, but also there are great limitatio
for the adoption of grid-scale technologies by &legower industry. The current obstacles preventi
the widespread commercial deployment of energyagmtechnologies include the following:

A. Deficient Market Structure
Energy storage can support generation, transmissidndistribution. It has been difficult to clagsif
energy storage from a standpoint and assess iie #alcomparison to traditional infrastructure. The
pricing mechanism of the energy storage dependssarassification. Without a pricing model, it is
difficult to ensure stakeholders that they willea@ a return on their investment [3].

B. Limited Large-Scale Demonstrations
There are not enough large-scale demonstratioms ¥vbere data on performance of energy storage
technologies can be gathered. Such data are negdéssavaluate device cost, efficiency, durability
and reliability, i.e., data are necessary to vadiddorage devices and prove the benefits of grades
storage [3].

C. Insufficient Technical Progress
According to [3] many technologies did not reachmaturity level conducive to commercial
deployment because the interest and funding otthesjects dropped off after the energy crisihin t
1970s. Then the limited storage duration and eneaggcity of technologies are too short to meet the
current needs of the power grid as well as thenglodgies 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 atstéo production scale-up and integration of
storage devices at grid scale [3].

E. Weak Stakeholders’ Understanding on Energy §tora
According to [3] the benefits of grid-scale storage not well understood by stakeholders. This
understanding is fundamental to deploy storagen@olgies. 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 stosggtem developers and electric power industry
design and integrate reliable and high-performingrgy storage technologies.

5.2. Obstacles raised from the Survey

The survey pointed out, from the standpoint of Brazilian respondents, ten obstacles to energy
storage deployment, from which four have been difgaentioned in the literaturePeficient market
structure, Insufficient technical progress of thierage technologies, High costs of storage techyielo
and Weak steakholders’ understanding on energygtilhe other six and their meanings are explained
bellow.

A. The belief that small power plants are moreatffe than energy storage
Represents the belief that is much better investiremall hydro power plants near consumer centers
than in energy storage. Then, before building g@racilities, it is necessary to increase the nermb
of small hydro power plants located near the la@gsumer centers.

B. The belief that improve energy efficiency of guots and processes is more effective than energy
storage
Saving energy is a kind of “virtual storage”. Theefore thinking of building storage energy fawht
it would be better to increase products and prasesfficiency, by means of regulations and
awareness campaigns and training.

C. Low renewable penetration in the grid
Energy storage is necessary only if there is aelgmgnetration of alternative energy sources in the
grid. Once in Brazil there still are just a few ambof energy from wind, from solar panels and from
other alternative sources, energy storage is noessary. Energy storage makes more sense for
electric systems with high renewable penetration.

D. Geographical Constraints
Pumped hydro power plants and compressed air sgs(ERES) depend on suitable geographical
sites. Since such geographical sites are not &lailaverywhere this is an obstacle to these
technologies deployment.

E. Environmental constraints
Considering pumped hydro plants there are somesskke water availability, irrigation, minimum
flows, fish passage, long environmental licensi@@nsidering batteries there are environmental
effects associated with battery disposal.

F. Grid Size
Energy storage is not suitable for large intercotetd systems.

The key terms used to capture the obstacles frermthrviews are shown in Table 1.

Table 1 — Kez terms associated to the obstacles hmtandeoint of the Brazilians eerrt

Key Terms Obstacle

Lack of a pricing model, lack of government inceaes, lack
of government policies

Short storage duration, low energy capacity, loficiehcy,
low life cycle and need of power electronics adwenc Insufficient technical progress
complex technology, technological limitations

High costs of production, maintenance, operatiostailation  High cost of storage technologies

Deficient market structure

Lack of understanding, lack of divulgation, lackre§earch Weak stakeholders’ understanding
Geological constraints, geographical constraints og&gphical constraints

Flood, disposal issues, contamination, residuals virBmmental constraints

Increase the number of small power plants, incréasédiydro The belief that small power plants are
generation, retrofit small power plants more effective than energy storage

Increase products efficiency, increase processfisieety, The belief that improve energy
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decrease losses, virtual storage

efficiency of petddand processes
is more effective than energy storage

Isolated systems, Grid is big for energy storage

id €re

Few solar panel, few wind generation, few alten@atiLow renewable penetration in the

generation, low renewable penetration

grid

5.3. Frequency distribution of the obstacles palraet by the respondents

The Figure 2 shows the frequency distribution ef thstacles according to the respondents.

Obstacles to Energy Storage
Deployment in Brazil

HIGH COST OF STORAGE TECHNOLOGIES
INSUFFICIENT TECHNICAL PROGRESS

LOW RENEWABLE PENETRATION IN THE...
WEAK STAKEHOLDERS' UNDERSTANDING...

ENVIRONMENTAL CONSTRAINTS
DEFICIENT MARKET STRUCTURE
GEOGRAPHICAL CONSTRAINTS
GRID SIZE

THE BELIEF THAT IMPROVE ENERGY...
THE BELIEF THAT SMALL POWER PLANTS...

0,40
0,40
0,40
0,33
0,27
0,27

|

woa | | |||

0,20
0,07

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45

6. Discussion

Among the obstacles emerged from the survey, @eficmarket structure, insufficient technical
progress, high cost of storage technologies, wéalkekolders’ understanding, geographical conssaint
and environmental constraints have been alreadyiftbal in the literature.

According to the respondents high cost of storagariologies, insufficient technical progress, low
renewable penetration in the grid are the mostaitiestacles while grid size, the belief that imgrov
products and processes energy efficiency is mibeetsve than energy storage and the belief thadlbm
power plants are more effective than energy stoisithe less frequent.

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

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

The validity of the belief that small power plaat® more effective than energy storage is difficult
to analyze, once it is necessary to compare thes toduild small power plants with the costs oérey
storage facilities of the same capacity. Besideds inecessary to keep in mind the geographical
constraints for such type of hydro plant, it is e&sary to have the possibility to install them elés
consumer centers.

The obstacle identified as The Grid Size is noakdvobstacle as North American’s grid is greater
than Brazilian's, as well as the number of enettgyagje projects, making use of several technologies
can be seen in Table 2.

Table 2 - Power grid size and storage capacity fareveral countries
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Country Capacity (GW)  Storage (GW)  Storage (% Cap)

EUA 1110 21.40 1.92
GER 181 7.00 3.87
BRA 133 0.02 0.02
CHI 14 0.07 0.51

According to [2] wind power’s share of electricigjgneration will increase from 3.7% (7 GW) in
2014 to around 11.6% (24 GW). In this case, ifltbes penetration of renewable in the grid has been a
obstacle to energy deployment, it tends to vanighthe increasing of renewable penetration wilbbe
incentive to energy storage deployment.

7. Conclusion

The power grid struggles to provide enough eleityrito meet the demand. This paper presented a
short summary of energy storage applications atrsévevels of the grid and their benefits. Despile
the benefits brought by energy storage, it is ndegpread in Brazil. There is only one storagdifgdn
the whole country, the pumped hydro power planPedireira. In order to identify the main obstacle to
energy deployment in Brazil a survey was conduete@dng research groups, government agencies and
utility companies. Ten obstacles emerged from theey from which six had been already mentioned in
the literature. The most cited obstacles was tigh kst of storage technologies, insufficient téchin
progress, Low renewable penetration in the grid,itodoes not mean they are the most importamillt
be necessary to classify them. Analyzing the arsweturned by the respondents it is possible tlizeea
that they do not understand the applications améfite of energy storage, then this becomes tha mos
important obstacle to energy storage deploymenttlais makes poor their analysis.

There are not enough large-scale demonstratioms Wbere data on performance of energy storage
technologies can be gathered. Such data are negéssavaluate device cost, efficiency, durabibiyd
reliability, i.e., data are necessary to validateagje devices and prove the benefits of grid-ssfamge.
Thus, the limited large-scale demonstrations miighthe second most important obstacle.
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Abstract

This paper presents a mathematical model for loamtathd, batteries and thermal envelop of the
building to the Energy Management (EM) problem dfliarogrid (MG) by means of a deterministic
Mixed Integer Linear Programming (MILP) approachisTway, the thermal envelop of the building
can be seen as a load demand and thermal storatiee EM problem, the objective is to determine a
generation and consumption policy that minimisegra planning horizon, the operation cost and the
thermal comfort subject to economic and technicaistraints. We propose a detail modelling of
different load demands and Li-ion batteries. Tolys®the proposed modelling, a didactic MG and
simple thermal envelop of a building is used, catee to the main grid, although, the proposed
models could also be used in the island operalibe.results indicate that the models are adeqoate f
the MG EM, analyses of the impacts and energiesgml

Keywords:Smart Building, Demand response, Real time pridingar modelling,

1. Introduction

The microgrid concept assumes a cluster of micreggion and loads operating as a single
system [1]. The presence of this distribution epeagsources (DERs) and controllable loads
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reduces fossil fuel consumption and peak shavi@gerations issues in the microgrids are
usually answered by a mixed integer linear programgnio solve the energy management
problem. In general, solving this problem requirdstermining a generation and a
controllable load demand policy that minimizes, roee planning horizon, an objective

function subject to economic and technical constsdil-3].

The building sector is the most important consuafenergy in the world. In France, it also
consumes 43% of primary energy and 66% of ele¢tdoargy of which the cooling and

heating section accounts for 50%. In this pointvigiw, the building can be seen as an
important load of the smart grid. Moreover, therth@& capacity of the building could also

play a particular role in the energy managemettefmnicrogrids.

Thermal envelope is usually simulated with dedidegeftware likeEnergyPlusor TRNSys
which make the use of it difficult in a more gerdaenadelling.

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

The main objective of this paper is to make a jonited integer linear programming of a

smart building, his microgrid and his thermal eopel. The EM and the thermal modelling
of the thermal envelope are obtained by a detestiinmixed-integer linear programming

problem. The planning horizon is two weeks with twer step time. This paper is organized
as follow: the modelling of the microgrid in thextaection. Thermal envelope modelling is
described in section 4. In section 5 and 6, wegueshe 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 gov@i, andpouy)- Pout IS defined as the
sold power from the microgrid to the maingrjs is defined as the bough energy from the

maingrid to the microgrid. That way, both of there always positive. MILP formulation of
the microgrid is defined as followed:

vt 'p(t) = Pin (t) — Pout (t) (1)

01 = Z Cin-Pin (t) + Cout-Pout (t) (2)
Ve, Pin (t) < Pmax- u(t) (3)

Vt, Pout (t) < Pmin- (1 - u(t)) (4)

Yt Din (£), Poue (t) € R*,u(t) € {0; 1} )

where ¢, and ¢, are respectively the buying and the selling coStse can see that the
binary variableu prohibits selling and buying in the same tirod, (3) and (4). In the convex
case (6.<Cp), one can use the simpler LP formulation:
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vt,p(t),c(t) ER @y
0, =) c(®) 2y

Vt' Pmin < p(t) < Pmax (3),
ve,  c(t) > cipp(t) 4y
Ve,  c(t) > Coue-p() )

In this study, we are assuming fixed selling anyitgi prices ¢;, = 0.1048, g, = -0.2096.
2.2.Wind turbine and PV panels

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

0 if 0 <v(t) <wvcorv(t) > vy
pw(t) = p'r-M if v < v(t) < (6)
v{)r_ Ve if v, <v(t) <v

wherep; is the rated electrical power; ig the cut-in wind speed; is the rated wind speed;
vt and is the cut-off wind speed.

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

ps() = 15.S.1(t). (1 = 0.005. (£exe (t) — 25)) ()

Wherey, is the conversion efficiency of the solar cellegr(%),Sis the array area @ | is
the solar radiation (kW/f andt.y is the outside air temperature (°C).

2.3.Heating and cooling system

The case study include a 3kW electrical heatingesysand a 3kW (thermal) cooling system.
We assume a complete control of this system (coatis power). For different products, one
has to adapt the modelling adding variables andtcaints. The thermal discomfort is added
to the formulation by mean of a weighed term tartieimized. This discomfort is modelled
as a weighed sum of deviations from a referenc@éeaturerT,; as follow [5]:

0, = Z Ce- |tin(8) = Trep|. At

t
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wherec, is the cost of discomfort (euros/°C/h). This egpratan be linearized as follow:

0y = ) cor(d(0) + dy()). At ®)
vt,dy(t),dy(t) <0 9)
vt, dy (8) — dy(t) = tine(t) — Tref (10)

Constraints for cooling and heating systems cafotmulated as follow:

vt,  q.(t) =1nc.p(O (11)
vt,  pu(®) <pi (12) qc(t) < q¥' (13)
wherey.is the cooling efficiency ang.™ is the thermal maxim cooling power.
3. Thermal modelling

The main goal of the section is to present theystage and the thermal envelope modelling.
This is a linear model, directly link to the eléc&d model of the microgrid. In this point of
view, the thermal envelope can be seen as a thestoedge of energy. It is particularly
interesting since the thermal envelope constitatgeeat capacity compared to other classical
storage like batteries.

3.1.Case Study

The case study is the building which is in the ADEMesearch project “COMEPGS
aiming at constructing twenty five positive enelgyldings in France by 2018. This house is
built with more than 200 fnof ground surface, one heated zone, one garagetvemd
basements. It is designed with the good insulatiaterials to save the energy consumed by
heating and air conditioning systems.

A first model (Figure 1) which enables the dynartiermal simulation was developed by
our partner LOCIElaboratory, usindEnergyPlussoftware.

&www.ademe.fr
® \www.comepos.fr/
¢ www.polytech.univ-savoie.fr/locie
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du';door

Room Basemen Office Basement

Figure 1Energy Plus model

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

3.2.Linear modelling and validation

Thermal envelope of the building is usually mod#lith simple circuit components:
resistances (conduction and convection) to modat transfers and capacity to model the
thermal capacity of wall and interior air. Thosedals are described by the figure XX. Note
that capacity equations are solved by a simple rEulmethod. Each connection in the
thermal circuit are represented by the set of égus{10).

T(t)

- _ _
T ¢ qc(t) —C 6Tc(t) ~ C.Tc(t) Tc(t 1) (14)
) ot At

T, - T, T, (t) — To(t)
1) = 15(t

0 ] A0 10y (6) = - (15)

qp(t)

o

”"w i) =0 & ViTy() = Ty() (19

The equivalent circuit (9R5C) is presented in Feg@: This thermal circuit is based on
passed works. Identifications of parameters has be@e using an optimization procedure
and the simulation result under EnergyPlus.We udath profile of one year for the
identification then validated the parameters olgdirfor another year data. Identified
parameters are given in Table 1.
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0 , o
1 5
> 6
3y

Figure 2Electrical equivalent circuit

Parameters identified values

Cair 3747281.44 Rgarl 0.17195
Cext 38832547.60 Rgar2  0.16600
Cgar 233332.53 Rv 0.00738

CBSoffice 3038849.96 RBSofficel 0.06713
CBSroom 8110949.64 RBSoffice2 0.01350
Rextl 0.00789 RBSroom1 0.12775
Rext2 0.00417 RBSroom2 0.00220

Table 1: Identified thermal parameters of the citsu

The heated zone is described with four walls, &erival air capacity and a thermal resistance
representing the thermal resistance link to thetilgion. Each wall is described by two
thermal resistances and a capacity. In the follgnihe ventilation is assumed to be constant
(0.13 ni/h) to guaranty a good air quality and minimize heaesk. In the future, this shall be
reformulated to ensure a variation of the air flomorder to allow the natural cooling of the
room during the night for instance.

Temperatures of non-heated rooms are supposedfixebleo simplify the modelling. These
are fixed to theEnergyPlussimulations results to ensure a good agreemetiteircase of
good temperature control.

One can see in Figure 2 that solar irradiationtihg&ooling input power, occupancy and
electrical loses are taken into account as poweuté 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 imaétemperature between teaergyPlus
simulation and the linear model in Figure 4. Tmwalla good comparison of the thermal
envelope, heating and cooling systems are turnfe@ag can see the good global agreement
of both temperatures.

Figure 3Power inputs for the thermal modelling

Figure 4Internal temperature comparison between the LP rhad@ EnergyPlus

4. Smart building modelling
4.1. The complete MILP formulation

The complete model for the smart building is obddimy 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 disfmtncosts (2), (8), as well as artificial
variables for deficit and excessive power genenatitrjuation (18) is the energy balance of
the electrical grid. The energy balance in thertterenvelope is described by (16).

5. Results

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

5.1. Temporal analysis for two different discomfort sost

To show the influence of the cost of discomfortaduced in the MILP formulation, we
made different tests. Figures 5, 6 and 7 shows sneesults for two different costs of

discomfort (cc = 0.25 and 2.25 euros/°C/h) for tmeeks in January.

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

[= Tint (cc = 2.25) <~ Tint (cc = 0.25) — Text]

25

ey A W AV G P Ve

151

Tint (C)

10+

100 120 140 160 180 200 220
Time (h)

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

One can see that intern temperature control is
different in both cases. For a low cost of C¢ Mean thermal | Cost of electricity
discomfort, we note a bad control of (BUros/"C/h)| - deviation (°C) (euros)

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 0.25 0.58 20.9
comparison to the cost of energg,), the

optlmlgatlon Ieacis o a mean temperaturgypq ; . Optimization results for cc = 0.25 and
deviation of 0.08 °C. cc = 2.25 (euros/°C/h)

2.25 0.08 94.6

Figure 6 represents heating and cooling optimatrobfor both cases. In the high cost case,
heating and cooling systems are uses daily to enauperfect control of the internal
temperature between cold and hot phases (day agid).nNote that the cooling system
usually limited by the maximum power. This paradixplains a non-null mean temperature
deviation. In the other case, the cooling systerarisly used because of his low efficiency.
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Figure 6Heating and cooling optimal controls for cc = 0.86d 2.25 (euros/°C/h)

Figure 7 presents the sold/bough power from the gri

Figure 7: Sold and bough power to/from the main grid forc@.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 difie@sts of discomfort. Results are plotted
in the Figure 8, each solution is represented Ippiat in the space Cost of Energy/Mean
Discomfort.

c =05

c =0.05
Cc

¥ c =1e*

N

Figure 8: Pareto front- cost of energy with respect to md@tomfort for. NOPY R

We can observe that it exists two limitations iis thareto’s space. First, it is not possible to
reach a perfect comfort (null discomfort) becausthe limited heating and cooling systems.
For the second limit, reached with a neglectableepof discomfort (1e-4), we observe a
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maximal mean discomfort of 4.2 °C. Note that thetad energy is negative for a discomfort
mean up to 2°C.

6. Conclusions

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