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Global introduction to the report

The main goal of the ELECOHRlectricity Consumption Analysis to Promote Energy Efficiency
Considering Demand Response and f&wohnical Losses project is the establishment of a
competent and fruitful network between European and Brazilian researchbosevresearch
work contributes to the successful implementation of the smart grid concept.

It is an innovative and wedlrganised scientific project aiming at advancing on electricity
consumption analysis methods and on the way they are used to promatieygrfficiency. This

use is focused on the design and utilization of demand response programs and on the
identification of nontechnical losses. On one hand, if adequately used, demand response can
play a crucial role for the sustainability of energy eyst. On the other hand, the restructuration

of the power industry business and the rapid evolution that is taking place towards to real smart
grids dramatically increases the number of players involved in electricity transactions, making
billing much morecomplex. In the new context, the identification of ntechnical losses
assumes a new role and increased importance in the scope of supervision procedures able to
assure the correctness of the billing process. The project also addresses the communication
infrastructure and the innovative control models that are required to put bring these concepts
into reality, considering adequate business models.

The presat NB LI2 NIi A & (i 6.5 Repoft cond@Bingl EAECONECIS NA YSy G | f ¢
presents the main dgevements othe g 2 NJ LI Of¢lE®&imentalt TestdHirope and
Brazil Benchmarkirggcontainingthe following objectives:

- Prepare a set of scenarios to be simulated in the remaining tasks of this WP. These scenarios
concern power system operation according to the smart grid paradigm, i.e. with intensive use
of distributed and renewable based generation, considering demandrespand storage as
an available DER. These scenarios have been designed for each of the countries participating
in the ELECOIgroject, considering the current generation and storage means and several
evolution scenarios in what concerns generation capdaoit each of the considered energy
resources Several scenarios of load forecast will also be considered

- Application ofsimulationprocesses for the different case studies and scenarios proposed
Computational and hardware tools existing in the ladories of ELECON partnersvbdeen
used for the simulation studies undertaken in this task. The impact of the use of DR programs
can thus be evaluated. The impact of DR programs use in consumers has been analysed. Some
of the impacts will be analysed frothe point of view of several players, namely the consumers
and the system operatorst KS Ol &S &a0dzRe& Q& & A Yde droridezay | Y
benchmarkingoasis recurring to several distincscenarioof operation, with a main focus in
Europe and Bazilenergy systems

After this global introduction of the present deliverabilee followingsections are approached

- Part A¢ Introduction and first Benchmarking between Europe and Br@aZiis part is a
good introduction and giveessome firstinsights and comparisons between these two regions;

- Part B¢ Seven Benchmarks between France araliBusing experimental datq This part
is a very exhaustive iy and seven very complete casespresentative of the Bazilian and
European situation.
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Part A- Introduction and first Benchmarking

1. Introduction and first Benchmarking between Europe and
Brazil

The electrical system must be designed to attend the maximum power required at peak load,
though this peak occurs in a short tim@l the investment could be reduced and the cost of
energy to the utility and the consumer would decline if the peak load was softeDaahdrgo,
1994. The main goal of demand response programs is thereftre redistribution of
consumption peak loads for lowerethand periods $trbac, 200B Its implementation also
increase network reliability, energy efficiency, and operational flexibility veell aglecreasén
electricity costs, tariffs, and the use of critical fusaga, 201}

The viability of Demand Resnse Programs dependgponthe energy rateseinghigher than

the cost of implementation. In most of these progrgns®me special rate igesigned to
encourage adherence of consumers, therefore the analysis of the current tariff structure is very
important for the development of efficient program§{rbac, 200B

The set of rules and regulations that establish the monetary value of electricity to different
consumersform the tariff structure. In Brazithe National Electrical Energy Agency (ANEEL) is
the organ that regulates the tariff systepANEEL, 2016]

The installation of more efficient measurement equipment allows both the power distribution
company and the consumert® have more knowledge about their energy consumption profile.
Demand response pgvams with different tariffs in peak and gfeak can then be
implemented, giving the consumer more control over thedtectricity expenditure
[ELETROBRAS, 1p79

This report also contains simulations of demand respphased on methods that revenue the
consumers according to differentiated tariffs for different periods of the ddese are the basis
of demand responsand dynamic billing

In order to simulate the new situation where the consuntan react against an increase or
decrease of energy price, it is important to understand how | consumptigriégpretedin a
typical householdor any other type of consumerConsidering the recent advance of the
integration of small renewable energy resourcesonsumernetworks (distribution leve))it is

September 2016 Pagel7of 188



ELECON

also important toconsider inthe simulation studies, the knowledge of a typical generation
profile.

Based on thatthis report also includeload and generation profiles from typical installations in
Brazil, Fance and Germamlsq the impact of the accession of customers to demand response
programs and the impact of penetration of distributed photovoltaic generation in the low
voltage distribution system can be simulated and analyteal, is the main part bthis report
(simulation of lad response)

2. Photovoltaic generation profiles

Like most forms of power generation with renewable basis, energy from photovoltaic panels has
important peculiarities. The direct dependence of sunlight implies concerns hptabout the
technical condition of the PV system performance, but also geographical, schedules and
seasonal aspects.

Different locations have distinsblar incidences, such as the north and south hemisphere have
different generatiorpotential. The fluctation of incidence during the day also causes variations
in generation over the daily hours. Aeltito these aspectsre alsahe variations ofthe number

of sun hours per day during different seasons of the y@hich leads to an increase decrease

in the average generation.

2.1. Brazil

A country with tropical climate characteristics, like Brazil, has an interesting potential for
photovoltaic generation. The lack of rigorous winter periods with fewer hours of sunlight,
contributes to the homogenization die photovoltaic generation throughout the year.

To identify the characteristic of photovoltaic generation in Brazil, it is used heasestudy
exampleof a photovoltaic set with 3.0 kWmf a residential unit located ithe Brazilian
southeast.Table2.1 presents the detailed features of trewnsideredsystem.

Table2.1 ¢ Features of the PV system

Type Photovoltaic
Total Installed Power 3.0 kWp
Monthly generation Estimated Energy 320 KWh
Connection to the distribution network Yes

Number of Online Stages to DG 02 - Biphasic

Installation Type Suspended (on the roof)

Local Energy Storage No

Number of PhotovoltaidPanels 14 -2 x 7W solar modules Model M6B30
Number of Inverters 01 Fronius Galvo Model 31D

Power factor 0.85¢1

The installation layout of solar panels installed are showFiguare2.1.
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Figure2.1 ¢ Architecture of Photovoltaic System Installation (b) Installation of the Panels on the Roof
of residential Unit

Figure2.2 shows the curve of average daily generation for the photovoltaic system, in
summer and winterAccording tarFigure2.2, it is observed that the curves of photovoltaic
generation for the winter and summer periods in Braaié close to each otheshowindittle
variation of the potential generation throughout traay.
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Figure2.2 ¢ Average Daily Photovoltaic Generation in winter and summer in Brazil

The reduction of the peak power is approximately 6.28%inter when in comparison with the
summer time The average nunds of hours of sunshine has also been reduced in about one
hour. Thus, it was found that the monthly capacity of this power generation system was on
average approximately 320 kWh per month.

2.2. Germany

In contrast with Brazil, Germany has more heterogeneoas@eal characteristics throughout
the year. The hottest periods are more discrepant in relation to the coldest, making the annual
average of direct solar radiation lower at Germany.

As reference of the potential of photovoltaic generation in Germany, vesl tbe EWE NETZ
database, whose content profiles includes generation of different renewable sources, and load
profiles for diferent kind of consumer unitsAs the database EWE NETZ is relativized, we
adopted the normalization of the curve to the same peabacity used at the Brazilian project,

i.e. 3 kWp.
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Figure2.3 ¢ Average Daily Photovoltaic Generation in winter and summeiGermany.

According toFigure 2.3, it is observed that unlike the situation in Brazil, the curves of
photovoltaic generation for periods of winter and summer in Germany are not close to each
other, i.e. there is significantaviation in the generation potential throughout théay. The
reduction of the peak power was approximately 43% of summer time to winter. The average
number of sun hours was also considayareduced from 13 to 9 hour$hus, it was found that

the monthly @pacity of the power generation system was on average approximately 250 kWh
per month.

3. Load profiles

At this topig we evaluate thdoad profiles for residentiadonsumers in Brazil and Germaiije
graphs of typical charging curves based on patterneo$emption of approximately 3000 kwh

per year are presented here. The curves are shown for winter and summer period and were
obtained at different ways.

While the German data asobtained from the EWE NETZ database and used in [1], the Brazilian
numbers rder to the actual measurements obtained from the smart mefeesords installed

at the projectSao Luiz do Paraiting@ihese tweway meters are responsible for measuring the
energy from the power distribution company and the energy from distributed phutaic
generation, which is supplied to the distribution grid. They also are responsible for the energy
balance sheet of the energy flow of the consumer unit, computing the difference between the
energy consumption of the concessionaire and the energy igealv by the consumer unit,
relative to the surplus of energy photovoltaic generation.

As can be seen in theigure3.1, in Brazil the period between 17h00 and 20h00 in the winter
and between 18h00 and 21h00 in the summer present consumption levels considerably higher
than the remaining periods. It is also dam notice the highest peak in the summer due the use

in bigger scale of air conditioners, since the temperatures are higher this time of the year in
Brazil. The adoption of daylight saving time between October and February create a
displacement of the lodpeak over the winter.
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Figure3.1 ¢ Load profile of a household in Brazjl2700 kWh/year

For the German profileFigure3.2, although less pronounced than in Brazil, the peak period is
also characterized in the late afternoon and early evening period. The occurrence of a valley at
the load curve especially in the afternoon shows a possibility of load shifting ftar hete of

the system.

0,80
0,70
0,60
0,50
kw 0,40
0,30
0,20
0,10

0,00

-=-=- Winter

Summer

il T g

00:00:00

01:00:00
02:00:00

03:00:00

04:00:00

05:00:00

06:00:00

07:00:00

08:00:00

09:00:00

10:00:00
11:00:00
12:00:00
13:00:00
14:00:00
15:00:00
16:00:00
17:00:00
18:00:00
19:00:00
20:00:00

I

our

21:00:00
22:00:00
23:00:00

Figure3.2 ¢ Load profile of a household in Germargy3000 kWh/year

4. Simulation of Load Response

4.1. Brazilian casesbt system

Simulations were performed to verify the effectadnsume® adherence to demand response
programs and also the effect of increasing the penetration of photovoltaic distributed
generation at a lowvoltage dstribution system. The data fsom a real system located in S&o
Luiz do Paraitinga, a city locatedthe state of S&do Paulo in Brazil, where it was conducted a
smart grid project. The schematic of the system is showfigare4.1.
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Figure4.1 ¢ Schematic diagram of the network served by Transformer SLP0O3

As can be seen iRigure4.1, the low voltage distribution network analyzed is assisted by a 45
kVA three plse transformer (13.8/0.22 kMEgach bar of the schematic diagram represents a
pole or a derivation of the realetwork. For the analyzed netwark wasconsidered 17 bars
numerically identified from 1 to 17 according to the representatiorFigure4.1. The entire
distribution network servedby SLPO3ransformer is aerial.The loads that represent the
consumer units in each segmentere inserted between each baflable 3 represents the
characteristics of each section of the distribution system.

Table4.1 ¢ Network features served by Trafo SLP.03

Stretch Length(m) G;ung deug':otre Zﬁ;gftsg)e Consumer Units
1-2 2 2/0 305 2
2-3 23,45 2/0 235 4
2-6 35,46 2/0 235 2
34 12,23 2/0 235 5
6-7 27,31 2/0 235 5
4-5 29,28 2/0 235 2
7-8 6,93 2/0 235 3
7-9 7,04 2/0 235 1

9-10 23,97 2/0 235 3
1011 28,91 2/0 235 3
11-12 24,86 2/0 235 5

7-13 25,14 2/0 235 3
1314 36,15 2/0 235 5
14-15 37,07 2/0 235 6
1516 39,46 2/0 235 7
17-16 35,33 2/0 235 4
TOTAL - - - 65
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According the data iTable4.1, it is observed drivers are gauge 2/0 AWG and is permissible
current of 235 A. The material of the conductors is aluminAll the 65 consumers supply by

this grid is residential. The total load in each section is the sum of the loads of the consumer
units connected between the two bars. The total loads per segment were considered three
phase balanced. At the 65 consumghsee different levels of consumption were adopted: low,
moderate, and high. The monthly and annual consumption references are shdvel@#.2.

Table 4.2 ¢ Consumption classes

Consumption Monthly Average Consumption (kWh) Annual Average
classes Winter Summer Consumption (kWh)
Low 101.6 111.9 1301.8
Moderate 207.0 229.1 2661.1
High 335.7 371.8 4317.1

Figured.2 illustrates the consumption profiles for the three classes considerate. It is noteworthy
the curves were obtained by actual measments of consumers.
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Figure4.2 ¢ Load curves for consumer class: low (top left), moderate (top right), high (lwentre).

In a similar way the profiles of photovoltaic generation compatible with the consumer load were
used, low, moderate and high generating profiles. Monthly and annual references of generation
are shown inrable4.3.

Table4.3 ¢ Photovoltaics Generation classes

Consumption Monthly Average Consumption (kWh) Annual Average
classes Winter Summer Consumption (kWh)
Low 83.6 113.1 1239.2
Moderate 171.2 231.6 2537.4
High 277.8 375.7 4117.3
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Figure4.3 illustrates the profiles of photovoltaic generation for the three considered classes. It
is emphasized again that the curves were obtained by actual measurements of photovoltaic
systems installed in Sdo Luiz do Paraitinga.

The scenario was composedfi% of the highevel consumers, 25% moderate and 25% low.
Other compositions can be analyzed, however, the used percentage distribution is equivalent to
the load curve behavior known for that transformer.

For the purpose of analysis in this article, iswesed a load curve based on the weighted average
of the months of winter and summer, considering nine months of the curve similar with the
summer condition behavior and three months with the winfEhe simulations were performed
using the OpenDSS dwtelectrical power systeranalysigool.
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Figure4.3 ¢ Curves of photovoltaic generation by class: low (top left), mode (top right), high (low
centre).

4.2.Brazilian casdamaulations

The first part ofthe simulation was performed to verify the effect caused in the load curve of
SLPO03 system with different levels of adherence to the hourly White Tariff by customers. Three
levels of adhesion: 25%, 50% and 75% were used at the scenarios, photovolté@itedtr
generation penetration levels were not considered in this simulation step.

Figure4.4 shows the initial load curve compared with the load cergenerated by demand
response to different price signalds can be seen iRigure4.4, the adoption of the hourly
Brazilian White Tariff has effect mainly on the peak hours. It is observEtybye4.5 that the
reduction of peak can exh about 8.5% in the scenario where 75% of customers adopt the
hourly White Tariff. The effects in other periods of the day, however, are hardly perceptible,
since the values per kWh of the conventional and the hourly tariff are more significantly differe
only at the peak time.
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Figure4.4 ¢ Demand Response to Different Levels of Adherence to Hourly Tariff

The second part of the simulation was performed in order to verify the effect of the penetration
of the photovoltaic generation at the system SLP03. For this, three degrees of penetration of
distributed generation were used: 10%, 30% and 60%. At this stage, they were not considered
the adoption of the hourly White Tariff by customers.

9,00%

8,00% —
7,00% /
6,00% /

5,00% /

4,00% /

3,00%

Peak Reduction

2,00%

1,00%

0,00% T T !
25% 50% 75%
Level of implementation of Demand Respons

Figure4.5 ¢ Percentage reduction of peak demand for different levels of adherence of the hourly
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Figure4.6 ¢ Effect of the load curve with different penetration leus of distributed photovoltaic
generation
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Figure4.7 ¢ Voltage level at the bar further of the transformer (17 bar)

According to the simulation, for the scenario with 60% penetration of distribgeskeration

there is reverse flow at the transformer (1L0kW peak) between 09h00 and 14h00. The evaluation
of the voltage level also indicates a significant increase at the peak period of the photovoltaic
generation without reaching, however, the maximum recoended for voltage (1.05 p.u.).

4.3. Discussion of thBrazilian cassimulations

According to the analysis performed in this study, it was observed that the use of distributed
generation sources has been presented as a good alternative to reduce the usen-of no
renewable sources. This motivation is especially highlighted for the German scenario. For the
Brazilian scenario, highlights the potential use of solar energy due to the favorable climatic
conditions throughout the entire year.

It was also found the denmal response programs based on energy prices may contribute to
reduce system demand at peak times, when pricing schemes schedules are applied. This feature
could be evaluated during the simulation performed for the Brazilian test system where peak
demand ehibited potential of decreasingp to 8.5% for the ana#gd scenarios.

Through the second simulation, the effects of introduction of photovoltaic generation sources
at a lowvoltage distribution system could be evaluated. In the analyzed system, it was/elds

for high penetration scenarios (60%) there was reverse power flow at the transformer, which
implies effects to be observed at the high voltage side, a condition which must be carefully
considered on system planning.

It follows, finally, that the expasion of scenarios analysis besides those included in this study
has great importance for a correct understanding of the potential of demand response programs
and increased of distributed generating sources on the system.
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Part B Seven Benchmarks betweEnropeand

Brazl using experimental data

5. Introduction

5.1. Background and Context

Microgrids are emerging with relevant advantages for the power system operation. For this
reason, several research projects are currently studding fimding methods to improve
microgrids management. The development of adequate management systems, taking into
account relevant retrofitting levels is of upmost importance. Having this in mind, GECAD
developed and built their own microgrid located in GECA&allations in Institute of
Engineering Polytechnic of Porto (ISEP/IPP). The microgrid is composed by three real individual
buildings. GECAD microgrid was developed under SEAS (ITEA 12004 SEAS), GID (ADI|QREN
34086), DrearGO (H2020 641794) and SASGBRTEB7-0162FEDERO00101) projects. The

use of these projects allowed the existence of the current microgrid, using multiple levels of
implementation. ELECON use GECAD microgrid to test and validate some methodologies, such
as, demand response prograrasd methodologies of participation.

For the implementation of the microgrid was used a system architecture that enables the
execution of algorithms (e.g. load management and load forecasting), the representation of the
players/buildings was achieved usagultiagent systemkigure5.1 shows the different layers

of the demonstrator microgrid system architecture. If we do not integrate the last layer (OPAL
RT) of the realime simulation is possible to apply this architecture in a microgrid application
(outside the demonstration).

The Kiowledge Layer aggregates common services for microgrid players, such as, forecasting
algorithms, load management and scheduling algorithms, demand response information, as
much more. This knowledge is shared using web services that enable the easy and fast
propagation between players. The use of web services also decreases the computation
LISNF2NXYIF YOS Ay (KS LXIFT@SNARQ aARS 6KSNB y2NXNI ¢
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represented by an agent. For microgrid management, the system demands the existence of a
microgrid agent representative. The medient system can represent real players (with real
facilities) or simulated players (with simulated facilities running in GRBLIn the MultAgent

System Layer, the players can interact between them and with the microgrid agent. The system
enables the integration of new players than can interacted with the already exist players. The
multi-agent system complies with FIPA stards and allows external agent, such as,
aggregators. This Layer uses JAVA Agent DEvelopment Framework (JADE) for the development
of the multragent system. The Muifhgent System Layer is responsible for the microgrid
management and for the microgrid cant. It is this layer that can communicate between the

other layers and interact with them. All the other layers are directly connected to the Multi
Agent System Layer.

In the Gateway Layer are the real buildings that integrate GECAD microgrid. Theiadbats
Agents Layer have multiple communication protocols able the communication with another
services and equipment. The gateways can be proprietary solutions (closed solutions available
in the market) or custoamade solutions (developed in GECAD). éf ¢thosen gateway has a
compatible protocol existed in the agents is possible to integrate the gateway, and associated
building/facility, to GECAD microgrid. The gateway is the bridge between the building and the
microgrid, enabling the monitoring (mandaggr and the control (optional) of the
building/facility.

KNOWLEDGE LAYER

-
- -
“r” e
- e
PR

MULTI-AGENT
SYSTEM LAYER

AEAL-TIME
SIMULATION LAYER

Figureb.1 ¢ Microgrid system architecture.
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Knowledge, Mult#Agent System and Gateway layers can be directly applied in any microgrid in
real uncontrdlable environment. However, for demonstration, test and validation is needed one
more layer with reatime simulation capabilities. For this microgrid, is used GRAlor the
RealTime Simulation Layer. This layer is very important, increasing systeabiliigs and
possibilities. The simulation layer enables the use of new facilities that are not able to integrate
physically in the microgrid, such as, a wind farm.

The simulation layer also enables the integration of individual resources that careleaited

in the real buildings, such as, a storage unit or electrical vehicles. The integration of individual
resources is made inside the Agent Layer, where the representative agent will combine readings
from the building and from the OPART.

GECAD microigl enables the execution of different simulations using a combination of real and
virtual facilities/buildings. The integration of the four layers presented results in a complete
system that can simulate different scenarios and test several approachemetmbdologies.

The use of GECAD microgrid in ELECON had a positive effect in testing and validation of several
case studies.

5.2. Report Structure

Seven different case studies with different scenarios are shown in this report concerning the
optimal resource sheduling for buildings and microgrids. The aggregator (or microgrid
operator) will determine the daghead optimal resource scheduling, as presentdeidure5.2,

which minimizes the cost or maximizes the profit with all available resources.

| Day-ahead |

| schedule &

NERRRNRNRNR
..d-1 d
FEErrrrrr et e rrer e e

24 hours 24 hours

Figure5.2 ¢ Day-ahead schedule used in case studies

Themain purpose of the aggregator is to supply the required demand and charging of storage
systems as well as the Electric Vehicles (EVs) through Distributed Generation (DG) units, external
suppliers, Demand Response (DR) programs or discharge from stostégaswand EVs. On the

other hand, the aggregator can also sell the excess of energy to the electricity market.

The information for each case study is presentedlable5.1, indicating the type and the
number of buses of microgrid, the sampling period, the tinogizon and the number of
scenarios.

The first case study concerns a small/medium shopping mall aggregator. This case study uses
data collectedby GECAD for different type of consumers and distributed generation units.
Additionally, it is also used some data based on the typical consumption of a small/medium
shopping mall. In this case study, the scheduling of the resources does not consigemte
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flow and network constraints. This case study includes 4 different scenarios with a sampling
period of 5 minutes and a time horizon of 24 hours. The detailed description of the case study
and respective results are presented in SecBon

Table5.1 ¢ Summarized information for each case study

Microgrid Sampling Time- Scenarios
Case Study ) .
Type Buses period horizon number
Small/medium . .
shopping mall Shopping - 5 min 24 h 4
Portliﬁjiilrge?;gentlal 5 min 24 h 7
G g dential Residential 25
ermany residentia 1h 24 h 7
microgrid
University campus | versity | 21 1h 24 h 10
microgrid
Portugal office Office and
buildings microgrid small 25 1lh 24 h 5
with small commerce| commerce
Germany office Office 21 1h 241 5
buildings microgrid
Germany office Office i 15 min 15h 3
building

The second and third case studies are related with the same residential microgrid presented in
Section?. The residential microgrid with 25 buses was adapted from a real distribution network
using real data to simulate the residential consumers. In this context, the second case study
considers the data collected by GECAD from Portuguese residential conandetistributed
generation units. This case study includes 7 different scenarios with a sampling period of 5
minutes and a time horizon of 24 hours. This case study does not include the power flow and
network constrains. Sectiohl1presents a detailed description of the case study and the results
of the optimal resource scheduling problem.

On the other hand, the third case study considers the daatéected from German residential
consumers and distributed generation units. The case study also includes 7 different scenarios
with a sampling period of 1 hour and a time horizon of 24 hours. In the optimal resource
scheduling of this case study, an Adwpr flow model and the network constraints (i.e. lines
thermal limit and voltage limits) are included. The detailed description of the case study and
respective results are presented in Sectibf

The fourth case study is a microgrid operator managing the resources of a university campus. To
simulate the university campus microgrid, the case study uses data collected from a university
campus and aabted data from measurements collected by GECAD (e.g. bars, gyms, classrooms,
among others). The microgrid is composed by 21 buses and an AC power flow model and the
respective network constraints (i.e. lines thermal limit and voltage limits) are includéue

optimal resource scheduling. In this case study is simulated 10 different scenarios with the

sampling period of 1 hour and a tinterizon of 24 hours. The first scenario is the base scenario
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of the university campus for the year 2050 and the renrgjrscenarios are based in additional
modification, e.g. remove the generation from DG units or reduce the generation from the wind
generators. SectioB presents a detailed description of the case study and the results of the
optimal resource scheduling problem.

The fifth case study is related with an office microgrid in Portugal. The data used to simulate this
microgrid are based on data acquired BCAD in several Portuguese offices and commercial
buildings, and distributed generation units. The microgrid is composed by 25 buses and an AC
power flow model and the respective network constraints (i.e. lines thermal limit and voltage
limits) are inclueéd in the optimal resource scheduling. The case study presents 5 different
scenarios for a time horizon of 24 hours, with a sampling time of 1 hour. Based on the scenario
presented for 2020, the remaining scenarios have additional modification, e.g. retheve
generation from DG units or remove the electric vehicles. Sedi@resents a detailed
description of the case study and the results of théimpl resource scheduling problem.

The sixth case study is an office microgrid with an aggregator to manage the energy resources
in Germany context. The case study has been developed with the consideration of data about
office buildings and distributed geration units from Germany. The microgrid is composed by

21 buses and includes in the optimal resource scheduling an AC power flow model and the
respective network constraints (i.e. lines thermal limit and voltage limits). In this case study is

simulated 5different scenarios with the sampling period of 1 hour and a thmezon of 24

hours. The first scenario is the base scenario of the office microgrid for the year 2050 and the
remaining scenarios are based in additional modification, e.g. remove theaaj@refrom DG

or/and electric vehicles. The detailed description of the case study and respective results are
presented in SectiofO.

The seventland last case study concerns an office building managed by an aggregator. The case
study taking into account a real office building from Germany allowing the simulation to be
applied with real data. The scheduling of the resources does not consider ther flow and
network constraints. This case study includes 3 scenarios with a sampling period of 15 minutes
and a time horizon of 15 hours. The detailed description of the case study and respective results
are presented in Sectiohl

6. Case Study Small/Medium Shopping Mall

The presented case study shows the optimal resource scheduling of an aggregator that manages
the resources of a shopping malhe main goal is to obtain the minimum operation cost while
supplying the required demand. The case study uses data collected from a university campus
and adapted data from measurements collected by GECAD (e.g. bars, gyms, and so on). Due to
confidentiality reasons the detailed content of the data used in this case study will not be shown.

6.1. Shopping Mall Description

The presented case study deals with a small/medium shopping Mall located in Portugal with
14900 n? of total area. It was used the methodologyoposed in [Soares, 2015] to obtain the
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optimal resource scheduling for periods of 5 minutes of day ah€atle6.1 shows the areas
for each places dhe shopping.

Table6.1 ¢ Area description.

Area type Quantity Area ()
Hypermarket + Warehouse 1 1900+400 = 2300
Stores 28 2020
Elevators 14 -

Sub. Garage 1 6400
Ext. Garage 1 1500
Halls and Corridors 1 2500
wC 4 180

InTable6.2it is presented the installer power for each store as well as each area and the name
of the store. It is important to note that the stores names are just indicative and there is no
direct rehtionship with the shopping presented here. The idea is to make the case study more
real as possible.

Table6.2 ¢ Installed power in each store.

Store Area Active power Reactive power Apparentpower
(m?) (kW) (kVAr) (kVA)

Sa?;":‘tgder 60 9.9 2.97 10.3359
Rolex 60 9.9 2.97 10.3359
Saccor 55 9.9 2.97 10.3359
Nike 60 9.9 2.97 10.3359
H&M 120 13.2 3.96 13.7812
Magnolia 45 9.9 2.97 10.3359
Bertrand 50 9.9 2.97 10.3359
KFC 55 13.2 3.96 13.7812
MCDonald's 80 13.2 3.96 13.7812
BurgerKing 80 13.2 3.96 13.7812
La Tagliatella| 55 13.2 3.96 13.7812
Foot Locker 100 9.9 2.97 10.3359
Levi's 60 9.9 2.97 10.3359
Calzedonia 100 9.9 2.97 10.3359
Hussel 50 9.9 2.97 10.3359
Barclays 50 9.9 2.97 10.3359
Mango 60 9.9 2.97 10.3359
Chanel 70 9.9 2.97 10.3359
Harmani Jeany 75 9.9 2.97 10.3359
O Boticario 60 9.9 2.97 10.3359
Dior 95 9.9 2.97 10.3359
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Store Area Active power Reactive power Apparentpower
(m?) (kW) (KVAr) (kVA)

Bershka 140 13.2 3.96 13.7812
Hugo Boss 45 9.9 2.97 10.3359
Pull and Bear| 45 9.9 2.97 10.3359
Zara 140 13.2 3.96 13.7812
Coffeeand Ggd 35 6.6 1.98 6.890602
iISTORE 130 13.2 3.96 13.7812
More Coffee 45 6.6 1.98 6.890602

This shopping mall presents a schedule for clients between 9:00AM and 11:00PM for all days of
the week. Regarding to the employees the schedulbesveen 7:00AM and 2:00AM. The
shopping has 14 elevators of Schindler 2400 type (8 people, 630kg, 11kW, 28A). In this case
study, the day 6 of August 2014 was a considered for the elevator measures as the
representative day. The measures are from a residébuilding with just one elevator of the

same type, for this it was taken into account the following:

1 A multiplicative factor of 20;
1 The elevators consumption in employees schedule just has 5 of multiplicative factor;
1 The consumption between 2:05AM aB6b5AM as a multiplicative factor of 0.02.

Regarding to the bank Santander Totta the obtained data are real data of a bank that was
collected by GECAD, because confidentiality reasons the detailed content and location of the
data used in this case studyliot be shown. The data for Barclays bank is the data obtained
for the data collected at a real bank multiplied by 0.9 data for the shopping stores,
hypermarket, WCs, garages as well as the halls and corridors were considered taking into
account the typical consumption in a small/medium shopping mall. The schedule working for
the CHP unit is based on CHP of a shopping mall located at north of Pofthgyabnsumption

of the shopping mall is monitored by this system, and for the case study waslemtsithe
energy consumption of the 6 of August 2014, as it is illustratdeigore6.1. The peak power
consumption is around 3.5 MW, and the totasialled capacity is 5SMW.

4000
3500
3 3000
X
= 2500
2
& 2000

(5min) 1 13 25 37 49 61 73 8 97 109 121 133 145 157 169 181 193 205 217 229 241 253 265 277

(h) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Period

Figure6.1 ¢ Shopping mall consumption of the'6of August of 2014.
Figure 6.2 shows the energy consumption percentage for each type of load. The greater

percentage of consumption is related with the Halls and Corridors and the Hypermarket with
33% and 32% of the consumption respectively.
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Figure6.2 ¢ Percentage of each type of consumer in the shopping mall.

As mentioned above, the data used to simulate the consumption and other resources (e.g.
photovoltaic panels) in the case study are based on data collected by GECAD in different
occasions depending on the consumer or generation type (e.g. residential, commercial,
photovoltaic panels, and so on), which is showmakbk 6.3.

Tabk 6.3 - Data used in the resources of shopping mall case study.

Resource type Type Data information
Data collected by GECAD in
Bank .
: typical bank
Consumption

Data collected by GECAD in
typicalelevator

Generation PV Data based on PV systems
installed in GECAD buildings F

Elevators

6.2. Resources Description

The shopping mall is mainly supplied by an external supplier. But for the study a 250 kW
photovoltaic (PV) panel as well as one 1880 Combined Heat and Pow@HP) unit will be
included in some scenarios. The CHP unit, also known as cogenerationsumiplisd by natural

gas. The profile of the PV was based on data from the PV system installed in GECAD building F,
andFigure6.3 shows the profile used in this case study.
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Period
Distributed Generation
Figure6.3 ¢ Power generation profile of the PV panels.
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The PV panel works between 5:50AM and 6:35PM, while the CHP unit is working between
7:00AM and 12:00AM atorking days. The Distributed Generation (DG) units (i.e. PV panels and
CHP) are not enough to supply the required demand of the shopping mall, thus the aggregator
can also use the Demand Response (DR) programs in the loads. For this case study, the
consunption with the rooms will not have any DR program. In terms of DR programs, a direct
load control program to continuously reduce the consumption has been used by the aggregator.
The DR reduce program can be applied for 20% of the consumption in the shaopaih(see
Figure6.1). In Table6.4, the number of units, maximum power and prices established for each
type of resource are indicated.

The PV panel has a price equal to zero, because it is an endogenous resource of the shopping
mall. However, the CHP unit is also an endogenous resource Hag ihe energy price of 0.095
m.u./kWh that corresponds to the natural gas price. The DR reduce program has an energy price
equal to 0.096 m.u./kWh. On the other hand, the external supplier a high price (0.1 m.u./kWh)
that stimulates the aggregator to optially manage its endogenous resources and DR programs.

Table6.4 ¢ Power and Price for each energy resource type.

Resource type Units Power (kW) Price (m.u./kWh)
PV 1 250 0
DG
CHP 1 1000 0.095
Externalsuppliers 1 10000 0.1
DR reduce 34 920 0.096

6.3. Scenarios Structure

First is considered a base scenario where the shopping is supplied only by an external supplier.
Also, it is considered three variants of this base scenario:

1. Scenario X Base Scenario;
2. Scenario 2 with PV;

3. Scenario 3 with CHP;

4. Scenario 4 with PV and CHP.

The sampling period and tirdgorizon of all scenarios are 5 minutes and 24 hours, respectively.
The aggregator will execute a methodology to obtain the-dlagad optimal resource scheduling

for each scenario of this case study that minimizes the operatiost with the available
resources. The aggregator can supply the required demand through the DG units, external
suppliers and DR programs (reduce or cHigure 6.4 presents a diagram, evidencing the
information concerning the daghead optimal resource scheduling ptelm for each simulation
period.

Day-ahead |

g

- ad-1
RENRRRREEREE

24 hours 24 hours

Figure6.4 ¢ Scheme of the dayahead optimal resource scheduling problem.
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The methodology used in this case study is based on deterministic technique based on Mixed
Integer Linear Programming (MINLP). This technique is implemented in TOMLAB [TOMLAB,
2016]. All scen@os have been tested on a computer with one processors Intel® Xeep&2&5

v2 2.10 GHz, with twelve cores, 16GB of randmoessmemory and Windows 10 64 bits
operating system.

6.4. Results and Analysis

This section will present the results and analysis ahescenario of this case study. At the end,
scenarios comparison and final considerations will be also included.

6.4.1. Scenario X Base Scenario

For this scenario 1 (base), the deterministic technique obtained an optimal solution with a cost
of 344.44 m.u. witlan execution time of 1.62 secondsgure6.5 presents the optimal resource
scheduling for this scenario 1.
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Period
M External Suppliers Demand Response —Total Consumption

Figure6.5 ¢ Optimal resource scheduling for scenario 1 (base).

In this figure is possible to see that the DR is presented in all periods leading to a reduction of
the initial load consumption. The demand response is considerable tabltefi by the
methodology in MILP leading in this way to the maximum value that the DR can assume, i.e.,
20% of the initial consumption (seeigure6.1). Figure 6.6 depicts the percentage of each
resource in the optimal resource scheduling of scenaridte external suppliers reached a
percentage 0B0%, while the DR reduce program obtained a percentage of 20%.

External
Suppliers; 80%

Demand
Response; 20%

Distributed
Generation; 0%

Figure6.6 ¢ Percentage of each resource in the scheduling of scenario 1 (base).
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6.4.2. Scenario Z, with PV

This scenario considers the base scenario and the integration of a DG unit, namely a PV panel.
The optimal solution presented a cost around 315.52 m.u. with an execution time around 1.94
seconds. As expected, the fact of including the DG unit led a decigathe cost to the
aggregator, resulting in a more profitable management of the shopping Rigilire6.7 presents

the optimal resource scheduling rfahis scenario.Comparing this scenario results with the
results obtained from the base scenario it is verified a reduction of the power supplied by the
external supplier because of the introduction of the DG unit (PV panel).

4000

(Smin) 1 13 25 37 49 61 73 8 97 109 121 133 145 157 169 181 193 205 217 229 241 253 265 277
(h) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Period
Distributed Generation M External Suppliers Demand Response —Total Consumption

Figure6.7 ¢ Optimal resource scheduling for scenario 2 (with PV).

The total power generated by the DG unit is supplied because the cost generation is zero, so it

is profitable for the aggregatoFigure6.8 depicts the percentage of each resource in the optimal
resource scheduling of scenario 2.

External
Suppliers; 72%

Demand
Response; 20%

Distributed
Generation; 8%

Figure6.8 ¢ Percentage of each resource in the scheduling of scenario 2 (with PV).

The external suppliers reached a percentage of 72%, while the DG unit and DR program obtained

a percentag of 8% and 20%, respectivelygure6.9 depicts the reduction of the power supplied
from external supplier in this scenario.

In this scenario, the reduction reached a maximum value around 30% at 15h30PM due to the
introduction of the PV panel. The introduction of more endogenous resources can help the
aggregator to reduce the amount of power to acquire from the external suppliers, therefore
reducing the cost with the optimal resource scheduling in the shopping mall.
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Figure6.9 ¢ Decrease of power supplied by the external supplier for scenario 2 (with PV).

Table6.5 shows a comparison of the scheduling obtained in scenarios 1 and 2, which helps to a
better understanding the impact of the changes in scenario 2 (with PV). In this table, the power
scheduled of each resource is presented for each scenario. The lastincshaws the variation

from scenario 2 to scenario 1.

Table6.5 ¢ Comparison between scheduling of scenarios 1 and 2.

Resource type Scenario 1 (kW) Scenario 2 (kW) Variation (%)
PV panel 0 28,919.64 +100
External supplier 281,177.69 252,258.05 -10
DR reduce 70,294.42 70,294.42 0

The power acquired from the external supplier has a decrease around 10%, while the PV
generation has an increase in 100%. On the other hand, the DR program achieved a 20,294.4
the same value of scenario As mentioned above, this scenario resulted into a decrease of the
cost to the aggregator, because the PV power generation do not represent costs for him.
Nevertheless, this scenario also proved to be advantageous to ugeRh@ogram, leading to a
reduction of the power supplied by the external supplier for presenting lower cost.

6.4.3. Scenario & with CHP

This scenario 3 considers the base scenario (scenario 1) with a CHP unit. For this scenario 3 (with
CHP), the deterministi@thnique obtained an optimal solution with a cost equal to 141.53 m.u.

with an execution time of 1.83 seconds. The optimal resource scheduling for this scenario is
depicted inFigure6.10.
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Distributed Generation WExternal Suppliers Demand Response —Total Consumption

Figure6.10 ¢ Optimal resource scheduling for scenario 3 (with CHP).
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Comparing this scenario results with the results obtained from scedaitics verified a strong
reduction of the power supplied by the external supplier because of the introduction of the DG
unit (CHP). Most of the power generated by the CHP in the working time is supplied as can be
seen inFigure6.10. This is because of the cost associated to the CHP generation is the natural
gas, and his price is lower than the price of the external supplier power. Another reagbisfor
strong reduction in the power supplied by the external supplier is related within several periods
the CHP unit has the capacity to supply all the dema@hd. percentage of each resource is also
presented for this scenario, which can be seeRigure6.11.

External
Suppliers; 26%

Demand
Response; 16%

Distributed
Generation; 58%

Figure6.11 ¢ Percentage of each resource in the scheduling of scenario 3 (with CHP).
The external suppliers reached a percentage of 26%, while the DG unit and DR program obtained

a percentage of 58% and 16%, respectively. The reduction of the energy acquired from the
external supplier is presented Figure6.12.
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Figure6.12 ¢ Decrease of power supplied by the external supplier for scenario 3 (with CHP).

It is possible to see iRigure6.12 a strong reduction of power acquired from external supplier
when the CHP unit is working, achieving a 100% reduction in the power supplied hyaéxter
supplier. This occurs due to the natural gas price Tsg#e6.4) be lower than external supplier
price and when has capacity to supply all thended.Finally, the comparison of the scheduling
between scenarios 1 and 3 is presented able6.6.

When comparing the results of this scenario wille base scenario (scenario 1) results it is
obtained 67% reduction in the power supplied by the external supplier and 19% reduction in the
DR reduce program.
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Table6.6 ¢ Comparison between scheduling of scemas 1 and 3.

Resource type Scenario 1 (kW) Scenario 3 (kW) Variation (%)
External suppliers 281,177.69 92,139.80 -67
CHP 0 202,545.85 +100
DR (reduce) 70,294.42 56,786.47 -19

Also this scenario resulted into a decrease of the cost to the aggredetoause the CHP unit
power generation present only the cost of natural gas which is lower when compared with the
external supplier cost. Nevertheless, this scenario also proved to be advantageous to use the DR
program, contributing also for the reductiori the power supplied by the external supplier.

6.4.4. Scenario £ with PV and CHP

This scenario 4 includes the PV and CHP units, therefore is a join combination of scenarios 2 and
3. For this scenario 4 (with PV and CHP), the deterministic technique obtaineptiaral
solution with a cost of 115.55 m.u. The execution time in this scenario was around 1.98 seconds.
Figure6.13illustrates the optimal resourcsecheduling of scenario 4.
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Figure6.13 ¢ Optimal resource scheduling for scenario 4 (with PV and CHP).

Comparing scenario 4 results withe results of scenario 1 i also verified a strong reduction

of the power supplied by the external supplier. This scenario is combination of scenario 2 and 3
so this reduction was expected. In this scenario, as can be sdeglre6.13, it is verified a
fluctuation (when the PV panel is generating) in guaver supplied by the CHP unit.

External

Suppliers; 22%

Demand
Response; 14%

Distributed
Generation; 64%

Figure6.14 ¢ Percentage of each resource the scheduling of scenario 4 (with PV and CHP).
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The reason is related to cost of the power supplied by the PV panel beTirer@ercentage of

each resource is also presented for this scenario, which can be sEajuie6.14. The external
suppliers reached a percentage of 46%, while the percentage of DG units and DR reduce program
is around 34% and 20%, respectively. Such as seen in the previoasietere also occurs a
strong reduction in the power supplied by the external supplier as can be sdéguire6.15.
Figure6.16 presents the reduction (in percentage) of the CHP generation when the PV panel is
considered.Table6.7 shows the comparison of the scheduling results between scenario 1 and

4,
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Figure6.15 ¢ Decrease of power supplied by the external supplier &cenario 4 (with PV and CHP).
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Figure6.16 ¢ Decrease of power supplied by the CHP unit for scenario 4 (without PV and CHP).

Table6.7 ¢ Comparison between scheduling of scenarios 1 and 4.

Resource type Scenario 1 (kW) Scenario 4 (kW) Variation (%)
PV panels 0 28,919.64 +100
External suppliers 281,177.69 78,451.85 -72
CHP 0 195,484.89 +100
DR reduce 70,294.42 48,615.74 -31

Comparinghe results obtained in scenario 4 with the base scenario it is verified that the power
supplied by the external supplier decreases 72%, while the PV panel and CHP unit achieved an
increase of 100% eaclsince this scenario is a combination of scenariand 3, a strong
reduction in the power supplied by the external supplier is also expected. A fluctuation in the
CHP power supplied is verified when the PV panel is generating. This fluctuation is expected
when the CHP is supohg all the demand becausesdltost of PV power is zero. Also the DR
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program is advantageous, contributing for the reduction of the power supplied by the external
supplier.

6.4.5. Scenarios Comparison and Final Considerations

This last section presents a summary comparison of the resulésnaat in all scenarios and final
considerations concerning this case study. In this case study four scenarios were considered. The
first one is a base scenario without any supply beyond the external supplier. The others three
scenarios consider respectiyeh PV panels, CHP unit and the both units with the external
supplier.Table6.8 presents the profit, income cost and time obtained for each scerdrthis

case study. The base scenario (scenario 1) achieved a cost of 344.44 m.u. with an execution time
of 1.62seconds.

Table6.8 ¢ Cost and time results for all scenarios.

Scenario 1 (Base) 2 3 4
Cost(m.u.) 344.44 315.52 141.53 115.55
Time (s) 1.62 1.94 1.83 1.98

Regarding to the cost, the greater is verified in the base scenario, where the shopping mall is
only supplied by the external supplier. The best result is achieved with scenario 4 (vatidPV
CHP), although the scenario 3 also presents a low operationltizgbossible to conclude when

the endogenous resources are considered the costs for the aggregator decreases. This is because
of the cost of the PV power is zero and the cost of CHiepis only the natural gas, lower than

the cost of external supplier. Also the DR program contributes for the cost reduction.
Additionally, the shopping mall is remunerated by the participation in DR progitamas
verified with the inclusion of the PVhit a reduction of the power suppliebdly the external
suppliers. Thiseduction achieves 30% at 15h30 PM. When @t units considered a strong
reduction of the power supplied by the external suppliers is verified. The reduction achieves
100% in the cogneration working periods (7:00A12:00PM).

Table6.9 presents the summary comparison of results for all scenarios. The scenario 1 presents
the scheduling only with the external supplier. On the other hand, in the remaining scenarios
are presengd the variation of the scheduling obtained in each scenario to the scehéoiase).

The inclusion of the PV panel led to a reduction of the power supblig¢tie external suppliers.
Thisreduction achieves 30% at 15h30 PM. When the CHP is considd@red@reduction of the
power supplied by the external suppliers is verified.

Table6.9 ¢ All scenarios compared with scenario 1 (base).

SR Scenarios
1 (kW) 2 (%) 3 (%) 4 (%)
PV panels 0 + 100 =0 + 100
External suppliers 281,177.69 -10 -67 -72
CHP 0 =0 + 100 + 100
DR (reduce) 70,294.42 =0 -19 -31
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The reduction achieves 100% in the cogeneration working periods (7:00A2:00PM).
Considering in the same case the PV and cogenerationitiisitalso verified a strong reduction

in the power supplied by the external supplier. When the PV is supplying the shopping mall a
reduction in the cogeneration power supplied occuftie DR program has an impact in the
scheduling of all scenarios. ThR Beached an impact between 16% and 25%, which can be seen

in scenarios 1, 2, 3, and 4. The intensively use of DR programs can be triggered by reducing the
& dzLJLJX A S NXeaditiad2tiée DRIprograms can be implemented in all shopping mall. The
decreasef consumption can be reached without causing impact in the satisfaction cfitres

in stores all parts of the shopping.

Finally, theshopping mall would benefit for includingGHP unitbecause the great demand of

a shopping mall is related to theshting and lightingThe main benefit from having a CHP unit
regards the decrease of trmstwith the optimal resource schedulinghus, the CHP unit could
alsohave a relevant contribution in the management of the power and heating demands of the
shopping just like DR programs

7. Residential Microgrid

The report demonstrates the optimal resource scheduling of an aggregator that manages a
residential microgrid. The main goal is to obtain the minimum operation cost while supplying
the required demand of the consumeirs the residential microgrid. Two distt case studies
have been developed for a residential microgrid, the first one considers data from Portuguese
residential houses in the microgrid, while the second one uses data from Germaantgsid
houses in the microgridlhe two case studies usetdacollected from Portuguese and German
residential houses and adapted data from measurements collected by GECAD. Due to
confidentiality reasons the detailed content of the data used is tlaise study will not be shown.

The urbanization presented Iigure7.1 is composed by a privawistribution network in low
voltage, located in the north of Portugal, for the supply of residential and professional
consumersnamelysinglefamily houses, residential and commercial buildings. The urbanization
consistof:

1 8 residential houses (8 loads);

1 8 residential buildings (each one with 9 apartments and 1 condominium, in a total of
80 loads);

1 1 commercial buildingl bar and 1 laundry which correspond to 2 loads).

The electrification of the urbanization is made through a connection point (RU&atesented

in Figure7.2), connected to the network of medium voltage. The power transformer has the
following characteristics(i) primary and secondary voltage level 30kV/4@BOV; and(ii)

power capacity 160 kVAhe microgrid is composed by 24 lines that connect the 25 buses in a
radial topology The characteristicef the lines that compose thprivate distribution network

are shown inTable7.1. The urbanization is adapted for a residential microgrid to be used in the
two case studies. The residential microgrid with 25 buses has the following energy resource
components:
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90 Loads with Demand Response (DRyams;
17 photovoltaic (PV) panedsd gorage systems;
5 external suppliers;

34 Electric Vehicles (EVs).
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Table7.2 presents the characteristics of generation and consumption for one day;torieon
of 24h, according to the consumer type defined in the urbanization.

Legend:
Residential house

Residential building

. Commercial building

Figure7.1 ¢ Topographic urbanization plant.
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Figure7.2 ¢ Singleline diagram of urbanization electrification.
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Table7.1 ¢ Characteristic of thdines in themicrogrid.

Line Bus Distance Resistance Reactance | Maximum line
(fromitoj) (km) omo omo limit (kVA)
1 1-2 0.035 0.01344 0.0028 146
2 2-3 0.130 0.04992 0.0104 146
3 3-4 0.110 0.04224 0.0088 146
4 1-5 0.065 0.01287 0.0052 213
5 1-6 0.130 0.02574 0.0104 213
6 1-7 0.133 0.026334 0.01064 213
7 1-8 0.165 0.03267 0.0132 213
8 1-9 0.168 0.033264 0.01344 213
9 2-10 0.020 0.0458 0.0018 47
10 3-11 0.040 0.0916 0.0036 47
11 3-12 0.020 0.0458 0.0018 47
12 3-13 0.023 0.05267 0.00207 47
13 4-14 0.043 0.09847 0.00387 47
14 4-15 0.015 0.03435 0.00135 47
15 4-16 0.025 0.05725 0.00225 47
16 4-17 0.056 0.12824 0.00504 47
17 6-18 0.038 0.014592 0.00304 146
18 6-19 0.074 0.028416 0.00592 146
19 7-20 0.041 0.015744 0.00328 146
20 7-21 0.084 0.032256 0.00672 146
21 8-22 0.040 0.01536 0.0032 146
22 8-23 0.083 0.031872 0.00664 146
23 9-24 0.035 0.01344 0.0028 146
24 9-25 0.070 0.02688 0.0056 146
Table7.2 ¢ Characterization ofthe consumers in thamicrogrid.
Consumer type | Quantity Bus Description Quantity
Consumers (Load 1) 8
Residential house 8 10¢17 Photovoltaic systems 8
Storage systems 8
o Consumers (Load 190) 80
RSLSJII? d?ggal 8 18¢ 25 Photovoltaic systems 8
Storage systems 8
Consumers (Load2) 2
Com_mg rcial 1 5 Photovoltaic systems 1
building
Storage systems 1
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7.1. Case Study Portugal Residential Microgrid

This chapter will present the case study of the microgrid with data from Portuguese residential
houses. This section is divided into three sggtions. The section.1.1presents the data used

in this case study. This data is divided into real data measured in Portuguese residential houses
and adapted data from measurements collected by GECAD. Due to cdidiiemeasons the
detailed content of the data used in this case study will not be shown. Then, sécfich
explains in detail the scenarios\ddoped for this case study. Finally, the results and analysis of
each scenario of this case study will be shown in seatibrd

7.1.1. Resources Desption

This case study uses data collected by GECAD in several Portuguese houses and commercial
stores for a timehorizon of 24 hours with sampling time of 5 minutes. Moreover, the profile of

the 17 PV panels in the microgrid is based on the generationfdata GECAD PV panels in F

and N buildinggrigure7.3 depicts the consumption, i.e. residential houses, residential buildings

and commercial building, and PV panels profile for this case study. The microgrid operator has
to fully dispatch all the power generation from Distributed Generation (DG) units based
renewable sources, such as PV panels.
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Figure7.3 ¢ Generation and consumption profiles based on Portuguese residential and commercial
data.

Analysing this figure, the power generation from PV panelssuaply all the consumption
between periods 9 and 17. In addition, the excess of PV generation in these periods can be used
to charge EVs/storage or to sell eneimgyhe electricity market. In the remaining periods where

the consumption is higher than theV generation, the microgrid operator has to use other
sources to support the power consumption, such as acquiring energy from external suppliers or
discharging energy from EVs and storage systems.

The peak power consumption is achieved at the end of #hg detween hours 21 and 24. The
consumption of residential houses has a small impact in the total consumption for all periods.
On the other hand, the residential buildings increase their power consumption after hour 8 until
12. Then, the consumption hassmall decrease around hours 13 and 18. Once again, the

Page46 of 188 September 2016



Experimentallests: Europe and Brazil Benchmarking

consumption from this type of consumer also increases after hour 19 until 24, because the
people return to their apartments after work. As expected, the consumption of the commercial
building has morémpact from the hours 20 to 24 and from the hours 0 to 1, because there are
more people buying at the commercial building in these hours. This phenomenon implies an
increase in the consumption of the builditigat is related with the need of using the dom
system to keep a satisfactory temperature inside the buildifigure7.4 shows the impact (in
percentage) that each type of consumer has intibtal power consumption.

Residential
houses; 6.57%

e

Residential
buildings;
73.19%

Residential houses Residential buildings m Commercial building

Figure7.4 ¢ Total energy consumption regarding each type of consumer.

The 73.19% of the consumption is related with the Residential buildings, while the 20.24% and
6.57% belong to the Commercial building and Residential houses, respectiveResldential
buildings (8 buildings) represent the highest percentage of thd tatargy consumption of this

case studyThe data used to simulate the resources in the case study of a Portuguese residential
microgrid are based on data acquired by GECAD in different occasions depending on the
consumer or generation type (e.g. resideiticommercial, photovoltaic panels, wind turbines,

and so of, whichis shown inTable7.3.

Table7.3 - Dataused in theresources ofPortuguese residential microgrid case study.

Resource type Type Data information
: Data collected by GECAD in sme
Commercial .
commercial consumers
Residential house Data collected by GECAD in typic
Consumption houses
Data collected by GECAD in typic
Apartments
houses
- Data collected by GECAD in a
Condominium e
condominium
. Data based on PV systems install
Generation PV in GECAD buildings (N and F)
EV Battery Electric Vehicles (BEV Information from EVeSSi tool
Adapted from SMA Battery
Storage Batteries bank inverters (Sunny island 6.0H anc
8.0H)
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Table7.4 andTable7.5 present the detailed information for the data used for each load and DG
units in the residential microgrid.

Table7.4 ¢ Data used in thdoadsof Portuguese residential microgrid case study.

Load ID Bus Consumer type Maximum Power (kW)
1 5 Commercial building 17.35
2 5 Commercial building 15.00
3 10 Family House 5.75
4 11 Family House 5.75
5 12 Family House 5.75
6 13 Family House 6.9
7 14 Family House 3.45
8 15 Family House 5.75
9 16 Family House 3.45
10 17 Family House 5.75
[11-19] 18 Student apartment 3.45
83 18 Common unit building 3.45
[20-28] 19 Family apartment 6.9
84 19 Common unit building 3.45
[29-37] 20 Student apartment 3.45
85 20 Common unit building 5.75
[38-46] 21 Family apartment 6.9
86 21 Common unit building 5.75
[47-55] 22 Familyapartment 5.75
87 22 Common unit building 3.45
[56-64] 23 Family apartment 5.75
88 23 Common unit building 3.45
[65-73] 24 Family apartment 6.9
89 24 Common unit building 5.75
[74-82] 25 Family apartment 6.9
90 25 Common unit building 5.75

Table7.5 ¢ Data used in theDGunits of Portuguese residential microgrid case study.

Generator 1D Bus Generator type Maximum power (kW)
1 5 Photovoltaic 11.00
2 10 Photovoltaic 3.6
3 11 Photovoltaic 3.6
4 12 Photovoltaic 3.6
5 13 Photovoltaic 3.6
6 14 Photovoltaic 3.6
7 15 Photovoltaic 3.6
8 16 Photovoltaic 3.6
9 17 Photovoltaic 3.6

10 18 Photovoltaic 11.00
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11 19 Photovoltaic 11.00
12 20 Photovoltaic 11.00
13 21 Photovoltaic 11.00
14 22 Photovoltaic 11.00
15 23 Photovoltaic 11.00
16 24 Photovoltaic 11.00
17 25 Photovoltaic 11.00

In addition, the microgrid operator can activate a DR program based on direct load control
programs, namely a DR reduce program that is applied for continuous reduction of the
consumption. The DR reduce program can be applied for 20% of the consumptiba in
residential microgrid (seEigure7.3).

In the microgrid, EV and storage systems are also considersdpport the optimal resource
scheduling Inthe case of EVs, the number of EVs connected on the grid or in travel and their
demand trip are important aspects to know by the microgrid operator for a proper management
of the microgrid. It considers the number of EVs in travel. The EVs movementheidpt
consumption for the 34 EVs simulatatk presented irigure7.5. These movements are result

of the EVeSSi simulator tddoares, 2012] usdd this case studylable7.6 presents the units,
power and prices for all energy resources used in case study of the Portuguese residential
microgrid.
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(h) 1 2 3 4 5 6 7 8 9 10 11 ll;'!"iaiP 14 15 16 17 18 19 20 21 22 23 24
Number of EVs connected = Number of EVs in trip —EVs trip demand
Figure7.5 ¢ EVs profiles to consider in thBortugueseresidential microgrid case study.
Table7.6 ¢ Power and price for each energy resource typePortuguese case study.
Resource type Units Power (kW) | t NA OS o
DG PV 17 127.8 0.15
1 10 0.07
2 20 0.08
External suppliers 3 5 40 0.09
4 50 0.10
5 100 0.11
Energy Sale 1 100 0.09
DR reduce 90 17.69 0.075
Charge 192.8 0
Storage Discharge 17 174.8 0.06
Charge 111 0
EVs Discharge 34 108 0.06

September 2016 Page49of 188



ELECON

7.1.2. Scenarios Structure

The case study is performed in 7 different scenarios, being the first scenario the base scenario
for comparing with all othersThe remainingcenarios are based on this base scenario with an
additional change in the resources, e.g. remove the PV panels or reduce the power supply from
external suppliers. This scenario is essential to understand the impact that the changes in the
other 6 scenans have in the management of the microgrid. All scenarios of the case study are
presented below:

1. Scenario X Base scenario;

2. Scenario 2 Without DG;

3. Scenario 3 Without EVs;

4. Scenario 4 Without DG and EVs;

5. Scenario 520% of PV power generation;

6. Scenario6H sk 2F t+ LIRG6SNI ASYSNIrdA2Yy YR HE?
7. ScenarioZp &r 2F t+ LI26SNI IASYSNIGAZ2Y YR HES

All scenarios are performed in a daliead scheduling approach with 24 hours of tiharizon

and 5 ninutes of sampling time. The microgrid operator (or aggregator) uses an optimization
approach to determine the optimal solution of the scheduling for the next dagresented in

Figure 7.6. The aggregator can schedule the DG units, external suppliers, DR program or
storage/EVs discharge supply to satisfy the required demand from the residential and
O2YYSNODALFE O2yadzySNB | YR nff hPchargei tKed bafteries.d&a S NI a
deterministic technique based on Mixddteger Linear Programming (MILP), developed in
TOMLAB Optimization with CPLEX solver [TOMLAB, 2016], using MATLAB R2014a 64 bits
software [MATLAB, 2016], is used to obtain the optisadlition for all scenarios. The case study

has been tested in a machine with one Intel® Xeon®626v2- 2.10 GHz processor, with 12

cores, 16GB of RandeActcessMemory (RAM) and Windows 8.1 Professional.

| Day-ahead |

g T

d
ARRRRRRERERE IIIIIIIIIIIIIIIIIIIIIII|

24 hours 24 hours

Figure7.6 ¢ Structure of the dy-ahead schedule.

7.1.3. Results and Analysis

This section presents the results of the Portugal case study with results analysis to show the
impacts in microgrid management with several types of changes inetfmurces. At the end,
scenarios comparison and final consideration will be also included.

7.1.3.1. Scenario I, Base Scenario

The section presents the results for the Scenario 1 (Base scenario), where the deterministic
technique in MILP obtained a scheduling of, Btérage and EVs with a cost of 141.33 m.u. in a
time of 30.75 secondsigure?.7 presents the scheduling of the resources for this scenario 1.
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Figure7.7 ¢ Microgrid dayahead generation results for scenardo(base)

The results show the impact of the DG according to the photovoltaic generation profile (i.e. the
only DG technology used). The constimpis partially or fully supported by external suppliers,
demand response and storage discharge in all periods depending on the DG generation. As
mentioned above, the DG power generation needs to be fully dispatched by the aggregator.
Figure7.8 presents the contribution of all resources to the optimal resources scheduling, where
the total power generation was divided in: 40.08% for the DG, 44 .54t#tef@xternal suppliers,

3.20% for the storage discharge and 12.17% for demand response.

Vehicle Demand

! Response
Dlgcg:;ge 12.17% Distributed
Storage i [ Generation
Discharge\ W ek

3.20%

External
Suppliers
44.54%

Figure7.8 ¢ Generation resources percentage for scenatigbase)

Figure7.9 presents the load diagram, which contains the consumption of loads (residential

houses, residential buildings and commercial building), EVs and storage charge and energy sale
to the electricity market (by BUS 1).
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(h) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Period

Mload Storage Charge Vehicle Charge MEnergy Sale M Active Loss Energy not supplied Total Generation

Figure7.9 ¢ Microgrid dayahead consumption results for scenarib(base)
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The results show the need to sale energy in periods that DG generation is higher than the load
consumption from residential houses/buildings and commercial buildingRepee7.3). Figure

7.10 shows the percentage that each type of consumer reached in this scenario. In this figure,
the term Load stands for the consumption with tresidential houses, residential baings and
commercial building.

Energy Sale
38.30%

Load
Storage Charge 61.16%
0.54% 0.00%

Figure7.10 ¢ Consumption resources percentage for scenatigbase)

The total power consumption was shared in 61.16% for the load consumption, 0.54% for the EVs
charge and 38.30% for thenergy sale. The EVs has a small impact in total load consumption.
The fact of this scenario has an excess of energy from PV panels, and the operator needs to fully
dispatch their power generation. This fact gives the opportunity to sale energy to obtsn |

cost with grid management.

7.1.3.2. Scenario 2 without DG

The scenario 2 considers the scheduling of the microgrid without DG, and the optimal scheduling
obtained a cost of 93.90 m.u. with an execution time of 2&&8ndsFigure7.11 presents the
scheduling of the resources for this scenario.
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Figure7.11 ¢ Microgrid dayahead generation results for scenarl (without DG).

The scheduling presents an increase of the others resources including the demand response.
¢tKS SEGSNYI f addzLJLJX ASNER &AdzLJL2NISR Yzad 2F GKS
scenario (base) this resource had a less impact. In second, the demand ed@Emalso a

significant impact in the scheduling, being dispatched in all periods. The DR programs are more
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used in the peak periods, particularly between periods 20 and 24. In addition, the DR reduce
program is used by the microgrid operator, becausehisaper than the expensive external
suppliers, such as suppliers 3, 4 and 5 with a price of 0.09, 0.10 and 0.11 m.FigWwh7.12
depicts the percatage of each type of resource in the total power generation.

Demand
Response
18.90%

Vehicle
Discharge
0.00%
Storage
Discharge
o
4.95 A)\

External
Suppliers
76.15%

Figure7.12 ¢ Generation resources percentage for scenaigwithout DG).

The external suppliers had an impact of 76.15%, while the DR programs and storage discharge
reached around 18.90% and 4.95%, respectively. The DR has more impact in this scenario than
in the base scenario, due to the fact of not having PV generatiorsdarario with excess of PV
generation, themicrogrid operator can charge the EVs and storage for storing the PV generation
in their batteries. Then, the microgrid operator could use #éxeess of energy from PV panels

in more demanding periods herefore,these two resources cannot be discharged like in the
previous scenario (se€&igure 7.7). Another reason for the microgrid operator have the
possibiliiy of using DR programs when there is a lack of generation from renewable sources. The
load diagram composed by the consun@emand, the energy sale, the charging of EVs and
storage is illustrated ifigure7.13. The methodology in MILP scheduled the charge of EVs in the
off-peak periods, because in these periods there are more resources with a low price. Thus, it is
cheaper to the operator the charge these periods, and then discharge the storage in periods
with a higher price.
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Figure7.13 ¢ Microgrid dayahead consumption results for scenari Wwithout DG).

Also in this case, the energy sale is sthe by the operator, because there is excess of energy
in this scenario through DR programs and energy stored in the storage systems. Under these
circumstances, the energy sale is economically viable when there is an excess of energy in the
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microgrid, whech can be obtained from energy stored. The percentage of each type of consumer
is presented irFigure7.14.

Energy Sale;
4.65%

Vehicle Charge;
0.83%
|

Storage Charge;_~"|
0.00%

Load; 94.51%

Figure7.14 ¢ Consumption resources percentage for scenaigwithout DG).

The load consumption reached 94.51%, while the energy sale and EVs charge obtained a
percentage of 4.65% and 0.83%, respectivEhys scenario resulted in &crease of the cost to

the microgrid operator in 47.43 m.u. representing 33% lower than the cost in scenario 1 (base).
This reduction is related with the not scheduling of PV panels, because the aggregator does not
remunerate the PV producers. On the otheand, the microgrid operator is not able to charge

the storage and EVs with the excess energy from PV panels, then used it in more demanding
periods.With scheduling results of scenario 2 without DG, it is important a comparison with the
results of scenao 1 in order to analyse the differences and the impact of the charigasde?7.7

shows the results of the scenario 2 compared with scenario 1 (base).

Table7.7 ¢ Comparison between scheduling of scenarios 1 and 2.

Resource type ‘ Scenario 1 (kW) ‘ Scenario 2 (kW) ‘ Variation (%)
Generation
DG 9485.98 0 -100
External suppliers 10,541.06 11,660.98 + 10.62
Storage discharge 758.34 758.33 =
EVs discharge 0 0 =
DR 2881.15 2894.74 +0.47
Total generation 23,666.53 15,314.06 -35.29
Consumption
Load 14,473.73 14,473.73 =
Storage charge 0 0 =
EVs charge 127.67 127.67 =
Energy Sale 9065.13 712.65 -92.14
Total consumption 23,666.53 15,314.06 -35.29

Without DG generation, the total consumption is supplied by external suppliers increasing
10.62% compared with base scenario, by DR increasing 0.47% and by storage discharge with the
same value. In the case of DR, the result value corresponds to 18.90&atotal generation in
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the scenario 2. The energy storage capacity without DG generation is sharply reduced, where
the 94.51% of the total consumption is related with consumers. Both total generation and
consumption have been decreased in approximatelo3Bom scenario 1 to scenario 2,
contributing to the reduction in the cost. Finally, the DR programs enable the microgrid operator
to supply the required demand avoiding the use of external suppliers. Otherwise, the microgrid

operator would have to pay &t more for acquiring energy to the last external suppliers (see
Table7.6).

7.1.3.3. Scenario & without EVs

The scenario 3 considers the scheduling of the microgrid without EVs, and the optimal
scheduling obtained a cost of 140.36 m.u. with an execution time of Z&®&hds.Figure7.15
presents the scheduling of the resources for this scenario.
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Figure7.15 ¢ Microgrid dayahead generation results for scenari® (without EVS.

The scheduling presents a little increase in the demand response. The external suppliers
adzZLIL2 NI SR Yz2ad 2F GKS 02yadzYSNEQ RSYlFIYyRo® Ly
significantimpact in the scheduling, being dispatched in all periods. The DR programs are more
used in the peak periods, particularly between periods 20 and 24. In addition, the DR reduce
program is used by the microgrid operator, because is cheaper than the expangirnal

suppliers, such as suppliers 3, 4 and 5 with a price of 0.09, 0.10 and 0.11 m.u./kWh. Additionally,

Figure7.16 depicts the impact (in peentage) that each type of resource has in the total power
generation.

Vehicle  pemand

Discharge Response .
Storage 0.00%  12.32% Distributed
| Generation
40.36%
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External
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Figure7.16 ¢ Generation resources percentage for scenaBidwithout EVS.
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The external suppliers had an impact of 44.09%, while theD&ams and storage discharge
reached around 13.32% and 3.23%, respectively. The remaining impact is for DG with 40.36%.
The load diagram composed by the consur@desmand, the energy sale, the charging of EVs
and storage is illustrated iRigure7.17.

The methodology scheduled the energy sale in the periods with DG generation and alse, in off
peak periods. The energy sale is used ifpetik periods bcause the DR reduce and storage
discharge have a cost lower than the price of selling energy to the electricity market. To the
operator is more attractive the allocation of DR retioi to sale the energy than scheduling DR

for the microgrid balance betves generation and consumption.

Additionally, the energy sale is also schedule by the operator in periods with DG generation,
because there is excess of energy through DR programs and storage discharge. In this context,
the selling of energy in the electricity market is economicallyleiahen there is an excess of
energy in the microgrid, which can be obtained from energy stored, or when it is used the DR
reduce. The percentage of each type of consumer is presentéigjime7.18.
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Figure7.17 ¢ Microgrid dayahead consumption results for scenar® Wwithout EVS.
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Figure7.18 ¢ Consumption resources percentage for scenaBigwithout EVS.

The total power consumption was shared in 61.59% for the load consumption and 38.41% for
the energy saleThis scenario resulted in a decrease of the cost to the microgrid operator in 0.97
m.u., which representsrainsignificant impactvhencompared with scenario 1 (base). This slight
reduction shows the small impatttat EVs have in the cost of the microgrid.
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With scheduling results of scenario without EVs, it is importar@ompare withbase scenario
resultsfor analy$ngthe differences and the impact of the chang&able7.8 shows the results
of the scenario 3 compared with scenatigbase).

Without EVs capacity, the impact in generation side is very small being the total generation
reduced 0.70%. In the case of DR, the result value corresponds to 12.32% of the total generation
in the scenario 3, higher 0.47% compared with scenario the consumption side, the lack of

EVs to charge energy was reflected in the reduction of the power by external suppliers which
reduce in 1.70% the power value.

Table7.8 ¢ Comparison between scheduling stenarios 1 and 3.

Type Scenario 1 (kW) ‘ Scenario 3 (kW) ‘ Variation (%)
Generation
DG 9485.98 9485.98 =
External suppliers 10,541.06 10,362.02 -1.70
Storage discharge 758.34 758.33 =
EVs discharge 0 0 =
DR 2881.15 2894.74 +0.47
Totalgeneration 23,666.53 23,501.08 -0.70
Consumption
Load 14,473.73 14,473.73 =
Storage charge 0 0 =
EVs charge 127.67 0 -100
Energy Sale 9065.13 9027.35 -0.42
Total consumption 23,666.53 23,501.08 -0.70

7.1.3.4. Scenario £ without DG and EVs

Thescenario 4 considers the scheduling of the microgrid without DG and EVs, and the optimal
scheduling obtained a cost of 92.95 m.u., with an execution time of Z&2&38ndsFigure7.19
presents the scheduling of the resources for this scenario.
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Figure7.19 ¢ Microgrid dayahead generation results for scenarib (without DG and EV)s

The scheduling presentm increase of the others resources including the demand response.
¢KS SEGSNYIt adzldd ASa a dzLIL2whilekhe pfeviaus sceénario i K S
this resource had a less impaétlso in this casethe DRhas also a significant impact ineth
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scheduling, being dispatched in all periods. The DR programs are more used in the peak periods,
particularly between periods 20 and 2Another factor that contributes to the more use of
external suppliers and in particular the DR programs is relaigdthe microgrid operator does

not have the PV panels to charge the EVs and storage for storirgxtiess oPV generation in

their batteries. Therefore, these two resources cannot be discharged jushldaenariol (see
Figure7.7). For this reason, the DR has more impact in this scenario, instead of using the excess
of energy from PV panels in more demanding periodglditionally, Figure7.20 depicts the

impact (in percentage) that each type of resource has in the total power generation.

Demand
Response
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Figure7.20 ¢ Generation resources percentage for scenadidwithout DG and EV)s

The external suppliers had an impact of 76.20%, while the DR programs and storage discharge
reached around 18.86% and 4.94%, respectively. The load diagram composeddysinaers)
demand, the energy sale, the charging of EVs and storage is illustrdtegline7.21.
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Figure7.21 ¢ Microgrid dayahead consumption results for scenarib without DG and EV)s

The methodology scheduled the energy sale in thepetik periods, because in these periods
there are resources with a low price. Thus, the energy sale is sclodojtbe operator.Once
again,the energy sale is economically viable when there is an excegengfrationin the
microgrid. The percentage of each type of consumer is presentéigime7.22. The total power
consumptionhas been dividedn 94.31% for the load consumption and 5.69% for the energy
sale.This scenario resulted in a decrease of the cost to the microgrid operduen compared

with scenario I(base). This reduction is related with the not scheduling of PV panels, therefore
the aggregator does not remunerate the PV producers that reduce its scheduling cost.
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Figure7.22 ¢ Consumption resources peentage for scenarid (without DG and EVjs

On the other hand, the microgrid operator is not able to charge the dsstorage With
scheduling results of scenario without DG and EVs, it is impaidacimpare withscenario 1
results to analysthe differences and the impact of the chang&sable7.9 shows the results of
the scenario 4 compared with base scenario.

Table7.9 ¢ Comparison between scheduling of scenarios 1 and 4.

Type | Scenario kW) | Scenario 4 (kW) | Variation (%)
Generation
DG 9485.98 0 -100
External suppliers 10,541.06 11,693.76 +10.94
Storage discharge 758.34 758.34 =0
EVs discharge 0 0 =0
DR 2881.15 2894.74 +0.47
Total generation 23,666.53 15,346.84 -35.15
Consumption
Load 14,473.73 14,473.73 =
Storage charge 0 0 =
EVs charge 127.67 0 -100
Energy Sale 9065.13 873.10 -90.37
Total consumption 23,666.53 15,346.84 -35.15

Without DG generation and EVs capacity, the total consumption is supplied by external suppliers
increasing 10.94% compared withase scenarioby DR increasing 0.47% and by storage
discharge with same valu&he DR programs had a small increase around® Bfie consumers

in this scenario correspond to 94.31% of the total consumption and the energy sale was reduced
in 90.37%Both total generation and consumption have been decreased in approximately 35%
when compared with scenario 1, which contributes toost reduction.

7.1.3.5. Scenario & 20% of PV power generation

The scenario 5 considers the scheduling of the microgrid with 20% of PV power generation, and
the optimal scheduling obtained a cost of 103.39 m.u., with an execution tir2@ @3 seconds.
Figure7.23 presents the scheduling of the resources for the present scenario.
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Figure7.23 ¢ Microgrid dayahead generation results for scenario(30% & PV power generation)

The schedulingdoesnot reflect a considerable increase of the other resources includin@pfe
reduce program The external supplie increase their impact in terms of supportirthe

O2y adzy SNA Q Wwith ¥ smlRTeasSoftiSelf powerwhen compared with scenario 1
(base). However, they have a small impact in the base scenario, due to the presence of PV
generation. Moreoverthe demand response has also a significant impact in the scheduling,
beingscheduledn all periodsThe DR programs are more used in the peak periods, particularly
between periods 8 and 10, and 20 and 24. In addition, the DR reglaggamis used by the
microgrid operator, because is cheaper than the expenssgeurces in those periods.

The externakuppliers and DR prograrhave a smalincreaseof their power but the impact in
the total generation is higherbecause the PV generation sibeen reducedin 80%. This
reduction had also effect in the decrease of the samptionin the microgrid Additionally,
Figure7.24 depicts theshare of eachiesource in theoptimal resource scheduling

Demand Distributed
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Figure7.24 ¢ Geneation resources percentage for scenario(30% of PV power generation)

The external suppliers had an impact of 65.59%, while the DR programs and storage discharge
reached around 17.95% and 4.70%, respectively. The DG has beendrbdtitestill reached a
relevantimpactof 11.76%. The load diagram composed by the consuftleraand, the energy

sale, the charging of EVs and storage is illustratédguare7.25.

The methodology scheduled the charge of EVs in thpedk periods, because in these periods
there are more resources with a low price. Thus, it is cheaper for the microgrid operator to
charge in these periods, and then disaithe EVs isonsecutiveperiods with a higher price.
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Once morethe energy sale is schedule by the operator, because there is excess of energy in this
scenario through DR programs and storage energy.
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mload Storage Charge Vehicle Charge W Energy Sale WActive Loss Energy not supplied Total Generation

Figure7.25 ¢ Microgrid dayahead consumption results for scenario(80% of PV power generation)

Under these circumstances, the energy sale is economically viable when there is an excess of
energy in the microgrid, which can be obtained from energy stokElierthelessthe energy
saledecreased wherompared with scenario 1 due to the reduction in PV power generation.
The highest percentage of power produced is consumed in this scenario for Load. The
percentage of each type of consumer is presenteligure7.26.

Energy Sale;

0y
Vehicle Charge; 9.48%

0.79%
Storage Charge;
0.00%

Load; 89.73%

Figure7.26 ¢ Consumption resources percentage for scenari2®% of PV power generation)

The total power consumption was shared in 89.73% for the load consumption, 9.48% for the
energy sale and 0.79% for the EVs chaf@és scenario resulted in a decrease of the cost to the
microgrid operator in 37.94 m.u., representing 26% lower than theiocenario 1 (base). This
reduction is related with the reduction in scheduling of PV panels, therefore the aggregttor
pay less for the PV generatiohable7.10 shows the results of the scenario &ngpared with
scenario 1 (base).

Table7.10 ¢ Comparison between scheduling of scenarios 1 and 5.

Type Scenario 1 (kW) Scenario 5 (kW) Variation (%)
Generation
DG 9485.98 1897.20 -80
External suppliers 10,541.06 10,579.51 +0.36
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Storage discharge 758.34 758.33 =
EVs discharge 0 0 =
DR 2881.15 2894.74 +0.47
Total generation 23,666.53 16,129.78 -31.85
Consumption
Load 14,473.73 14,473.73 =
Storage charge 0 0 =
EVs charge 127.67 127.67 =
Energy Sale 9065.13 1528.38 -83.14
Total consumption 23,666.53 16,129.78 -31.85

Thereduction of PV capacitiias a greaimpact inthe total generation with a reduction of
31.85%peing the external suppliers and DR useddplace this lack of PV generatid@n the

other hand, the energy sale has been significantly reduted. DR program only increased in
0.47% when compared to scenario 1, however it had a significant impactlwi€%% of the

total generation in the scenario 5. In the case of external suppliers, the supply increase only
0.36% compared with scenario 1. In the consumption side, being lower the PV generation, the
energy sale reduces 83.14% compat@the result inbase scenario.

7.1.3.6. Scenario & 20% of PV powegeneration and 20% of external
AdzLILX ASNERQ LR2GSNJ

The scenario 6 considers the scheduling of the microgrid with 20% of PV power generation and

HE: 2F SEGSNY It &dzlJLd ASNBQ LI 6@ONB2363RmMG.KS 2 LI A
with an execution time of 29.78 second&gure7.27 presents the scheduling of the resources

for this scenario.

Power production (kW)

(min) 5 65 125 185 245 305 365 425 485 545 605 665 725 785 845 905 965 1025 1085 1145 1205 1265 1325 1385 1440

(h) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Period
Distributed Generation MExternal Suppliers Storage Discharge mVehicle Discharge Demand Response —Total Consumption

Figure7.27 ¢ Microgrid dayahead generation results for scenario(80% of powergeneration and
HE: 2F SEGSNYIf &dzlLX ASNEQ L6 SND

The less contribution of the DG and external suppliers causes the high need to use the DR
programs and mainly the discharge of storage. The external sup@igported most of the
O2y adzYSNE Q ®Se¥d infpact. drdzstoramyel discharge is basically used in the peak
periods, particularly between periods 20 and 24, the periods without PV generation and when
the external suppliers reach the maximum scheduling to this scenitimeover, the DR
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programshave also a significant impact in the schedylingparticular between periods 20 and
24,

In this scenario, the external suppliassth higher pricesnamely suppliers 4 and 5 (s&able

7.6), has more changes to be scheduled, because of the lower capacity from cheaper external
suppliers, such as supplier 1, 2 and 3. Thius DR and storage dischargee moreusedin the
periods with high consumption for avoiding the scheduling of thegeensive external
suppliers The cost is increased due to the need of using more expensive suppliers, nevertheless
the DR programs tried to minimize their impa&dditionally,Figure7.28 depicts the impact (in
percentage) that each type of resource has in the total power generation.

Distributed

Vehicle Demand Generation
Discharge Response 12.82%
0.00% 19.57% |

Storage
Discharge
6.43%\

External
Suppliers
61.18%

Figure7.28 ¢ Generation resources percentage for scenari¢20% of power generation and 20% of
SEGSNY It adzZJJ ASNBQ LJ2g6SND

The external suppliers had an impact of 61.18%, while the DR programs and storage discharge
reached around 19.57% and 6.43féspectively. Also, the DG generation had an impact of
12.82%. The load diagram composed by the consuflersand, the energy sale, the charging

of EVs and storage is illustratedrigure?.29.
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Figure7.29 ¢ Microgrid dayahead consumption results for scenario(80% of power generation and
HE: 2F SEGSNYIf &dzlLX ASNEQ L6 SND

The methodology scheduled tlaharge of storage and EVs in the periods with DG generation,
because in these periods there are more resources with a low price. Thus, it is cheaper for the
microgrid operator to charge in these periods, and then discharge the storage in periods with
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high price, such asdischargng the storage in peak periods presented kigure7.27. The
percentage of each type of consumer is presenteligure7.30.

The total power consumption was shared basically in 97.79% for the load consumption. Only
0.86% is for vehicle charge and 1.32% for steragarge This scenario resulted in an increase

of the cost to the microgrid operator in 2222.59 m.u., representing 1572% higher than the cost
in scenario 1 (base). This increase is related with the scheduling of more expensive external
suppliers. On the ther hand, the microgrid operator needs to discharge the storage with the
lack of energy between periods 20 and 24.

Vehicle Charge
0.86%

Storage Charge
1.32%

Load
97.79%

Figure7.30 ¢ Consumption resources percentage for scenari¢26% of power generation and0% of
SEGSNY I &adzZldldt ASNBQ LJ2gSND

With scheduling results of scenario 6 with 20% of PV power generation and 20% of external
suppliers, it is importanto compare with scenario 1 (base) results to analyse differences

and the impact of the change$able7.11 shows the results of the scenario 6 compared with
scenario 1 (base).

Table7.11 ¢ Comparison between scheduling of scenarios 1 and 6.

Type \ Scenario 1 (kW) \ Scenario 6 (kW) \ Variation (%)
Generation
DG 9485.98 1897.20 -80
External suppliers 10541.06 9050.87 -14.14
Storage discharge 758.34 951.95 + 25.53
EVs discharge 0 0 =
DR 2881.15 2894.74 +0.47
Total generation 23666.53 14794.76 -37.49
Consumption
Load 14473.73 14473.73 =
Storage charge 0 196.05 + 100
EVs charge 127.67 127.67 =
Energy Sale 9065.13 0 -100
Total consumption 23666.53 14800.15 -37.46
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The DG units and external suppliers decreased their scheduling in about 80% and 14.14%,
respectively.The storage discharge and DR increased to supply the consumption needs, in this
case increas®25.53% and 0.47%, respectively. The total generation reti33e49%. In the

case of DR, the result value corresponds to 19.57% of the total generation in the scenario 6. In
the consumption side, the energy satereduced inl00%compared to scenario 1, whilhe

storage chargéncreases to 100% artels chargdoes not register any variation

7.1.3.7. Scenario 7¢ 50% of PV power generation and 20% of external
AddzZLILX ASNBRQ LR oSN

The scenario 7 considers the scheduling of the microgrid with 50% of PV power generation and
20% of external suppliers, and the optimal schedulintpimed a cost of 23760 m.u., with an
execution time 030.07secondsFigure7.31 presents the scheduling of the resources for this
scenario.
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Distributed Generation mExternal Suppliers Storage Discharge mVehicle Discharge Demand Response —Total Consumption

Figure7.31 ¢ Microgrid dayahead generation results for scenario(30% of power generation and
HE: 2F SEGSNYFf &dzLJLX ASNRQ LJ2 ¢ SND

A lowercontribution of the DG and external suppliers causbiglh need to use the DR programs
and mainly the discharge of storaggirst, he external suppliers supported most of the

O 2 y & dzY S NE@ingrabpeérogsiR second, the DR programs have also a significant impact
in the scheduling, being dispatchadall periods. The storage discharge is basically used in the
peak periods, particularly between periods 20 and 24, the periods with low availability of
generation, without PV generation, and when the external suppliers reach the maximum
scheduling to thiscenario (which was reduced to 20% of capacity compgrasdenario 1).

In addition, the DR and storage discharge is used by the microgrid operator, because is cheaper
than the expensive external suppliers which, in this scenario, it has been reducedvies
capacity and, the suppliers with higher prices had to be used, such as suppliers 3, 4 and 5 with a
price of 0.09, 0.10 and 0.11 m.u./kWh. In the present scenario, theoluggpensive suppliers
significanty increase the operation cost ofthe microgid. Additionally Figure7.32 depicts the
percentageof each type of resource in the total power generatidine external suppliers had

an impact o#3.17%, while the DR programs and storage discharge reached around 19.17% and
6.26%, respectively. The DG power generation had an impact of 31.40%. The load diagram
composed by the consumdpdemand, the energy sale, the charging of EVs and storage is
illustrated in Figure7.33. The methodology scheduled the charge of storage and EVs in the
periods with DG generation, because in these periods therenare resources with a low price.

Thus, it is cheaper for the microgrid operator to charge in these periods, and then discharge the
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storage in periods witla highprice,such aghe discharge storage in peak periods presented in
Figure7.31.

Demand
Vehicle Response Distributed
Discharge 19.17%
0.00% |
Storage
Discharge
6.26%

Generation
31.40%

External
Suppliers
43.17%

Figure7.32 ¢ Generation resources percentage for scenari¢dD% of power generation and 20% of
SEGSNY LIt &dzZJX ASNBEQ L322 6SND

Also, the energy sale was scheduled in periods with DG generation to reduce the operation cost
of the aggregator. The percentage of each type of consumer is presentedure7.34. The

total power consumption was shared basically in 95.80% for the load consumption. Only 0.85%
is for EVs charge and 1.25% for storage charge. The remaimivey consumption belongs to

the energy sale with 2.09%.
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Figure7.33 ¢ Microgrid dayahead consumption results for scenario(30% of power generation and
HE? 2F SEGSNYFf adzllX ASNERQ LJ2 6 SND

This scenario mlted in an increase of the cost to the microgrid operator in 2234.67 m.u.,
representing 1548% higher than the cost in scenario 1 (base). This increase is related with the
scheduling of more expensive external suppliers. On the other hand, the micrquerdtor

needs to discharge the storage with the lack of energy between periods 20 and 24 and for the
YFEAYdzY SEGSNYIt adzl)d A SNDRa LR g SN®

With scheduling results of scenario 7 with 50% of PV power generation and 20% of external
suppliers, it is importanto compare with scenario 1 (base) results to analyse differences

and the impact of the change$able7.12 shows the results of the scenario 6 cpaned with
scenario 1 (base).
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Figure7.34 ¢ Consumption resources percentage for scenari¢6D% of power generation and 20% of
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Table7.12 ¢ Comparison between scheduling of scenarios 1 and 7.

Type Base Scenario (kW)‘ Scenario 7 (kW) ‘ Variation (%)
Generation
DG 9485.98 4742.99 -50
External suppliers 10,541.06 6520.43 -38.14
Storage discharge 758.34 944.86 + 24.60
EVs discharge 0 0 =
DR 2881.15 2894.74 +0.47
Total generation 23,666.53 15,103.02 -36.18
Consumption
Load 14,473.73 14,473.73 =0
Storage charge 0 188.96 + 100
EVs charge 127.67 127.67 =0
Energy Sale 9065.13 0 -96.52
Totalconsumption 23,666.53 14,793.06 -36.16

With reduction of PV capacity and external suppliers, B® units and external supplier
decreasedo 50% and38.14% respectively The storage discharge and DR were increased to
supply thepowerconsumption, irthis case increas24.60% and 0.47%, respectively. The total
generation reduced 36.18%. In the case of DR, the result value corresponds to 19.77% of the
total generation in the scenario On the other handthe energy sale is strongly reduced
(96.52%) comparedto scenario 1being increased 100% the storage charge aaghtaining the

EVs charge

7.1.3.8. Scenarios Comparison and Final Considerations

The results summary of the case study of thertuguese residentiahicrogrid is presented
bellow with the main objetive of compaing all scenariosnd final considerationslable7.13
shows the operation costs ancecutiontime for all scenarios of the case study
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Table7.13 ¢ Obtained results for all scenarios in dahead scheduling.

Type 1 2 3 4 5 6 7
Costs (m.u.)| 141.33 93.90 140.36 92.95 103.39 | 2363.92| 2376.00
Time (s) 30.75 29.78 23.34 22.53 29.93 30.14 30.07

In terms of cost and timehe best and worstesultsare highlighted below

1 Worstcost operation: scenario 50% of PV power generation and 20% of external
&dzLILJ ASINARQ L2 g SNJ

1 Bestcost operation: scenario 4 (without DG and EVs)

1 Highestexecution time scenario 1 (base scenarjo)

I Lowestexecution time scenario 4 (without DG and EVS)

The scenario 6 also preseiat high cost and very close to the cost presented by scenabioti

A0Syl NR2a KIFI@S Ay 02YY2y | RSONXIsae$able7®). v sz 2 7F
In both scenarios, the most expensive external suppliers are dispatched in all periods that results

in a very high operation cost. On the other hand, scenario 3 also presents a low casrand

close to the cost presented by scenario 4, where the DG units, namely PV panels, are removed

in both scenarios. Thus, the microgrid operator does not remunerate the PV panels. The PV
panels have the highest energy price (Jeble7.6) of all resources in the microgrid, and the

microgrid operator must fully dispatch all the PV generation, as mentioned in the beginning of
section 7.1.1 All scenarios obtained an execution time close to 30 seconds therefore this
parameter is not as relevant as the cost for this case study.

Table 7.14 compare all scenarios with scenario 1 verifying the changetheanscheduling
(generation ancconsumption). In the tabletotal power scheduled for each resaaris shown

in scenario 1, while in the remaining scenarios are presented the variation of each one to the
scenario 1 (base)

Table7.14 ¢ All scenarios compared with base scenario.

Scenario

1kW) | 2(%) | 3(%) | 4(%) | 5%) | 6(%) | 7 (%)

Resource type

Generation
DG 948598 | -100 | =0 | -100 | -80 -80 -50
External 10,541.06 | +10.62| -1.70 | +1094| +0.36 | -14.14 | -38.14
suppliers
Storage 758.34 =0 =0 =0 =0 | +2553| +24.60
discharge

EVs discharge 0 = = = = = =
DR 2881.15 | +047 | +047| +047 | +047 | +047 | +047

Total
generation

23,666.53 | -35.29 | -0.70 | -35.15 | -31.85 | -37.49 | -36.18
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Consumption

Load 14,473.73 = = = =
Storage charge 0 = = = +100 | +100

EVs charge 127.67 -100 -100 = =
Energy sale 9065.13 | -92.14 | -0.42 | -90.37 | -83.14 | -100 | -96.52

Total
: 23,666.53 | -35.29 | -0.70 | -35.15 | -31.85 | -37.46 | -36.16
consumption

In this context, the scenario withe highestincreased powe(10.94% for theexternal suppliers
is the scenario 4without DGandEV$. The scenario 2 (without DG) also presents a high increase
of 10.62% for the external supplier, which is close to the one obtained in scenddin the
other hand, the scenariowith moB RdzOG A2y Ay SEGSNYI f
I Y R), whers:it hadTa reSustiorSMy/ |- f

2F t £

increasesn around 25% for scenario 6 and 7 that have in common a reducticdhe capacity
of the external suppliers. The same happens ipiigram but thisresourcehas beerincreased

L2 6SNJ ASYSNI A2y
38.14%. In the case of storage discharge, this resource is alwaysnualdscenarioput it

in all scenarios 0.47% compartamscenario 1meaning thatDR reducerogram reachesthe
maximum capacity in all scenarios. The scenalwihout EVspresents fewvariationsin the

generation side. So, the impact imovingEVs in microgrid isot considerable. The scenario
with higher reduction inthe total generation is the scenario 6 (with 20% of PV and 20% of

external suppliers)On the other handthe scenario withthe lowestreduction inthe total
generation is scenario 3 (without EVS).

In the consumption side, the storage is only used in the scenariogedticttion of theexternal
supplier®) L2 TheSENE charge was only changed in scenarios without EVs (3a@thdmyise
it keeps the same value. The energy sale was always used &ad the lowest impact in

scenarioQ2x: 2 F t *

EVs (scenario 3).

Finally, the DR reduce program reached a significant impact in all scenarios, being almost
scheduled with the same value in all of them. As showrainle7.14, the DR program presents

a small increase around3¥ for all scenarios when compared to scenario 1. In all the remaining
scenarios, the lack of generation from other resources paasially or fully compensated by the
scheduling of DR program3he DR reached an impact between 12% and 20%. As final
conclusion, the power reduction of DG or external suppliers can cause more scheduling of DR

programs.

L2 6 SNJ ISYSNI GA2Z2Y
compared with scenario 1. This scenario is the scenario with higher reduction in total
consumption. And the scenario with less reduntio total consumption is the scenario without
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7.2. Case Study Germany ResidentiMicrogrid

This chapter will present the case study of the microgrid with data from German residential
houses. This section is divided into three sglgtions. The section.2.1presents the data used

in this case study, data from German residential houses. Due to confidentiality reasons the
detailed content of the data used in this case study will not be shown. ,T¢estion7.2.2
explains in detail the scenarios developed for this case study. Finally, the results and analysis of
each scenario of this case study will be shamwsection7.2.3

7.2.1. Resources Description

The case study uses data from several German houses and commercial stores felnarihme

of 24 hours with sampling timof 1 hour. Moreover, the profile of the PV panels in the
microgrid is based on the generation data from units installed in Gerntagwre7.35 depicts

the consumption, i.e. residential houses, residential buildings and commercial building, and PV
panels profile for this case study. The microgrid operator has to fully dispatch all the power
generation from DG units based on renewable sources, such as PV panels.

Power (kW)
8 g 3

N
o

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Period (h)
® Production Photovoltaic systems Consumption Residential houses
Consumption Residential buildings Consumption Commercial building

Figure7.35 ¢ Generation and consumption profiles based on German residential and commercial data.

Analysing this figure, the power generation from PV panels can supply all the consumption
between periods 91ad 18. In addition, the excess of PV generation in these periods can be used
to charge EVs/storage or to sell energy to the electricity market. In the remaining periods where
the consumption is higher than the PV generation, the microgrid operator hasecother
sources to support the power consumption, such as acquiring energy from external suppliers or
discharging energy from EVs and storage systems.

The peak power consumption is achieved at the middle of the day between 11 and 14, and in
end of the day between hours 21 and 24. The consumption of residential houses has a small
impact in the total consumption for all periods. On the other hand, the residential buildings
increase their power consumption after hour 8 until 12. Then, the consumption hasah s
decrease around hours 13 and 18. Once again, the consumption from this type of consumer also
increases after hour 19 until 24, because the people return to their apartments after work. As
expected, the consumption of the commercial building has mmigaict from the hours 7 to 15,
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because there are more people using the commercial building in these hours. This phenomenon
implies an increase in the consumption of the building which is related with the need of using
the cooling system to keep a satisfagtdemperature inside the buildingrigure7.36 shows the
percentage of each type of consumer in the total power consumption.

Commercial Residential
building; 12.00% houses; 5.64%

Residential
buildings;
82.37%

Figure7.36 ¢ Total energy consumption regarding each type of consumer.

The 82.37% of the consumption is related with the Residential buildings, while the 12.00% and
5.64% belong to the Commercial building and Residential housgsectively. The Residential
buildings (8 buildings) represent the highest percentage of the total energy consumption of this
case study.

The data used to simulate the resources in the case study of a German residential microgrid are
based on data from Germany in different occasions depending on the consumer or generation
type (e.g. residential, commercial, photovoltaic panels, wind turhirmesl so on), which is
shown inTable7.15.

Table7.15 - Dataused in theresources ofGermanresidential microgrid case study.

Resource Type Type Data information
. Data from office building in
Commercial
Germany
Residential house Data from typical houses in
. Germany
Consumption - -
Data from typical houses in
Apartments
Germany
- Data collectecdby GECAD in a
Condominium -
condominium
Generation PV _ Data bgsed on PV systems
installed in south of Germany
EV Battery Electric Vehicles (BEV) Information from EVeSSi tool
Adapted from SMA Battery
Storage Batteries bank inverters (Sunny island 6.0H an
8.0H)
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Table7.16 andTable7.17 present the detailed information for the data used for each load and
DGunits in the residential microgrid.

Table7.16 ¢ Data used in thdoadsof Germanresidential microgrid case study.

Load ID Bus Consumer Type Maximum Power (kW)
5 Commercial building 10.35
2 5 Commerciabuilding 10.35
3 10 Family House 3.45
4 11 Family House 6.9
5 12 Family House 3.45
6 13 Family House 5.75
7 14 Family House 3.45
8 15 Family House 3.45
9 16 Family House 3.45
10 17 Family House 10.35
[11-19] 18 Student apartment 3.45
83 18 Commonunit building 3.45
[20-28] 19 Family apartment 5.75
84 19 Common unit building 3.45
[29-37] 20 Family apartment 5.75
85 20 Common unit building 5.75
[38-46] 21 Family apartment 5.75
86 21 Common unit building 5.75
[47-55] 22 Family apartment 5.75
87 22 Common unit building 3.45
[56-64] 23 Family apartment 5.75
88 23 Common unit building 3.45
[65-73] 24 Family apartment 3.45
89 24 Common unit building 3.45
[74-82] 25 Family apartment 5.75
90 25 Common unit building 3.45

Table7.17 - Data used in theDGunits of Germanresidential microgrid case study.

Generator ID Bus Generator Type Maximum Power (kW)
1 5 Photovoltaic 15
2 10 Photovoltaic 3
3 11 Photovoltaic 3
4 12 Photovoltaic 3
5 13 Photovoltaic 3
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6 14 Photovoltaic 3
7 15 Photovoltaic 3
8 16 Photovoltaic 3
9 17 Photovoltaic 3
10 18 Photovoltaic 15
11 19 Photovoltaic 15
12 20 Photovoltaic 15
13 21 Photovoltaic 15
14 22 Photovoltaic 15
15 23 Photovoltaic 15
16 24 Photovoltaic 15
17 25 Photovoltaic 15

In addition, the microgrid operator can activate a DR program based on direct load control
programs, namely a DR reduce program that is applied for continuous reduction of the
consumption. The DR reduce program can be applied for 20% of the consumptiba in
residential microgrid (seEigure7.35).

In the microgrid, EVs and storage system are also considered to support the management of the
grid. In the case of EVs, the number of EVs connected on the grid or in travel and their demand
trip are important aspects to know by the microgrid operator for a proper management of the
microgrid. It considers the number of EVs in travel. The EVs movements and the trip
consumption for the 34 EVs simulatack presented irFigure7.37. These movements are result

of the EVeSSi simulator tool [Soares, 2012] used in this case study.

60 - 2-;

Energy (kWh)

N L I 0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Period (h)

Number of EVs connected ~ ™ Number of EVsin trip  —EVSs' trip demand

Figure7.37 ¢ EVs profiles to consider in th&ermanresidential microgrid case study.

Table7.18 presents the units, power and prices for all energy resourcesl in case study of
the German residential microgrid.

Table7.18 ¢ Power and price for each energy resource typeGermancase study.

Resource type Units Power (kW) | t NA OS o
DG PV 17 122.57 0.15
External suppliers 1 5 10 0.07
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2 20 0.08

3 40 0.09

4 50 0.10

5 100 0.11

Energy Sale 1 1000 0.09

DR reduce 90 16.48 0.075

Charge 192.8 0

Storage Discharge 17 174.8 0.06
Charge 111 0

EVs . 34
Discharge 108 0.06

7.2.2. Scenarios Structure

Thecase study is performed in 7 different scenarios, being the first scenario the base scenario
for comparing with all others. All the other scenarios are based on this base scenario with an
additional change in the resources, e.g. remove the PV panels ocedte power supply from
external suppliers. This scenario is essential to understand the impact that the changes in the
other 6 scenarios have in the management of the microgrid. All scenarios of the case study are
presented below:

1. Scenario 1 Base sceario;

Scenario 2 Without DG;

Scenario 3 Without EVs;

Scenario 4 Without DG and EVSs;

Scenario 5 20% of PV power generation;

Scenario6H /&> 2F t+ LR oSN IASYSNI GA2Yy YR wmE: 27F
Scenario 750% of PV power generation and 28% SEG SNY I f & dzLJLJX A S N&

No oo k~odN

The sampling period and tirdeorizon of all scenarios are 1 hour and 24 hours, respectively. The
microgrid operator (or aggregator) uses an optimization approach to determine the optimal
solution of the scheduling for the neray, like presented ifrigure7.38. The aggregator can
schedule the DG units, external suppliers, DR reduce program or storage/EVs discharge supply
to satisfy the required demand from the residential and commercial consumers and from the EV
dza SND&a NBIdZANBYSyida (G2 OKINBS GKSANI-mtegéri SNRA Sa @
Non-Linear programming (MINLP) developed on General Algebraic Map&ystem (GAMS)
software [GAMS, 2016], interfaced with the computing tool MATLAB R2013b
software[MATLAB, 2016]. The case study has been tested in a machine with Intel® Xeon® E5
2620v2- 2.10 GHz processor, with 12 cores, 16GB of RandloressMemory (RAM) and
Windows 8.1 Professional.

| Day-ahead |
| schedule v
ARARRAREREN Lm
el wad=1 d
FEEETTErErr e e e el
24 hours 24 hours

Figure7.38 ¢ Structure of the Dayahead schedule.
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7.2.3. Results and Analysis

This section presents the results of the Germany case study with results analysis to show the
impact in microgrid management with several types of changes in the resources. At the end,
scenarios comparison and final consideration will be also included.

7.2.3.1. Scenario I, Base Scenario

The section presents the results for theenario 1 lbase), where the deteministic technique in
MINLP obtained a scheduling of loads, DG, storage and EVs with a cost of 212.31 m.u. in a time
of 102.98 seconds:igure7.39 presents the scheduling of the resources for this scenario 1.

250

W)

<

Power production (I
s
[—]

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Period (h)

S External Suppliers LA Storage Discharge
LdDemand Response

.

L Distributed Generation

i Vehicle Discharge =s=Total Consumption

Figure7.39 ¢ Microgrid dayahead generation results for scenarib(base)

Theresults show the impact of the DG accordiaghe photovoltaic generation profilgle only

DG technology useth this case study The consumption is partially or fully supported by
demand response, storage discharge and external suppliers in all patagebnding on the DG
generationprofile. As mentioned above, the DG power generation needs to be fully dispatched
by the aggregator. In the results presentedRigure7.40, the total power generation was
divided in: 40.72% for the D(nits, 26.24% for demand response, 23.65% for the storage
discharge, 9.24% for the external suppliers and 0.14% for vehicle discharge.

[ | External
Suppliers; 9.24%

k

Generation;
40.72%

Storage
Discharge; 23.65%

Vehicle Discharge;
0.14%

Demand
Response; 26.24%

Figure7.40 ¢ Generation resources percentage for scenatigbase)
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Figure7.41presents load diagram, which contains the constiompof loads (residential houses,

residential buildings and commercial building), EVs and storage charge and energy sale to the
electricity market (by Bs1).
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B oad dStorageCharge -JIVehicle Charge &S Energy Sale 8 Active Loss
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=
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Power consumption (kW)

=]

h
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Figure7.41 ¢ Microgrid dayahead consumptiorresults for scenaridl (base)

The results show the neaaf sellingenergy in periods that DG generation is higher than the load
consumption from residential houses/buildings and commercial buildingKgpee7.3). Figure
7.42 shows the percentage that each type of consumer reached in this scenario. In this figure,

the term Load stands for the consumption with tresidential houses, residential buildings and
commercial building.

Vehicle Charge;
4.92%

Load; 54.21%

B Energy Sale;
40.72%

B Active Loss; 0.15%

Figure7.42 ¢ Consumption resources percentage for scenatigbase)

The total power consumption was shared in 54.21% for load consumption, 40.72% for energy
sale and 4.92% for EVs chargke EVdo not represent higher impact ithe total consumption.

The fact of this scenario has an excess of energy from PV panels, and the operator needs to fully
dispéch their power generation. Thigives the opportunityof sellingenergyto the electricity

market in order to minimize the operation costth microgrid operation.

7.2.3.2. Scenario 2 without DG

The scenario 2 considers the scheduling of the microgrid withoutits, and the optimal
scheduling obtained a cost of 53.76 m.u., with an executime of 86.49 second&igure7.43
presents the scheduling of the resources for this scenario.
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Figure7.43 ¢ Microgrid dayahead generation results for scenar (without DG).

The scheduling presents an increase of the others resources including the demand response
gAGK2dzh 5D® ¢KS &0d2N)r3S RAAOKINHS FyR RSYIl YR
demand, while irthe previous scenario (base) thissource had dow impact. h second, the

demand response has also a significant impact in the scheduling, being dispatched in all periods

like storage discharge. The DR programs are more used in the peak periods, particularly between
periods 20 and 24.

On the other hand, the storagdischarge is more used in the gf€ak periods, in the case
between periods1 and 6. In addition, the DR reduce and storage dischargeised by the
microgrid operator, becausare cheaper than the expensive external suppliers, such as
suppliers 3, 4 an8l with a price of 0.09, 0.10 and 0.11 m.u./kWh. Also in the scheduling results,
it was used the EVs discharge wattowimpact. AdditionallyFigure7.44 depicts the impact (in
percentage) that each type of resource has in the total power generation.

Storage Vehicle Discharge;
Discharge; 40.00% CI!.ZS%

Demand
Response; 44.14%

L External Distributed
Suppliers; 15.63% Generation;
0.00%

Figure7.44 ¢ Generation resources percentage for scena#igwithout DG).

The total power generation was divided in 40% for the storage discharge, 44.14% for demand
response, 15.63% for the external suppliers and 0.23% for EVs dischbeyéoad diagram
composed by the consumdddemand, the energy sale, the charging of EVs stodage is
illustrated inFigure7.45. The methodology scheduled the charge of EVs in theedk periods,
because in these periods there are moesources with a low price. Thus, it is cheaper for the
microgrid operator to charge in these periods, and then discharge the EVs in periods with
resources with a high price or to the user travel during the day.
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Figure7.45 ¢ Microgrid dayahead consumption results for scenari Wwithout DG).

The results show the loads as the main resour¢heériotal powerconsumption. The percentage
of each type of consumer is presentedHigure7.46.

Load; 91.68%

Vehicle Charge;
8.31%

® Energy Sale;/

0.00%

Figure7.46 ¢ Consumption resources percentage for scenaigwithout DG).

Theload corsumption and EVs charge had an impact of 91.68% and 8.31% of the total power
consumption, respectivelyin this case, the energy sale is not uskis scenario resulted in a
decrease of the cost to the microgrid operator in 158.55 m.u., representingais@t than the

cost in scenario 1 (base). This reduction is related with theciweduling of PV panels, therefore

the aggregator does not remunerate the PV produceticing is operationcost. On the other
hand, the microgrid operator is not able to ¢lya the storage with the exceggnerationfrom

PV panelsWith scheduling results of scenario without DG, it is importar@gompare withbase
scenario results to analgghe differences and the impact of the chang&able7.19 shows the
results of the scenario 2 comparéalscenario 1 (base).

Table7.19 ¢ Comparison lktween scheduling of scenarios 1 and 2.

Type Scenario 1 (kW) ‘ Scenario 2 (kW) ‘ Variation (%)
Generation
DG 1057.62 0 -100
External suppliers 240 240 =
Storage discharge 614.25 614.25 =
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EVs discharge 3.60 3.60 =0
DR 681.54 677.85 -0.54
Totalgeneration 2597.02 1535.70 -40.87
Consumption
Load 1407.86 1407.86 =
Storage charge 0 0 =
EVs charge 127.67 127.67 =
Energy Sale 1057.62 0 -100
Total consumption 2593.14 1535.53 -40.79

Without DG generation, the total consumptiorsigpplied by external suppliers, storage and EVs
discharge with same value compared to scenario 1. The DR program decreases 0.54%, however
the DR has a higher impact (44%) in the scenario 2. The energy sale without DG generation is
reduced 100%, but the EX¥barge obtains the same power compared to base scenario. The EVs
charge and loads consumption are the resources in consumptionkiigiar€¢7.46).

7.2.3.3. Scenario & without EVs

The scenario 3 considers the scheduling of the microgrid without EVs, and the optimal
scheduling obtained a cost of 212.30 m.u., with an execution time of 68.69 se€ogadx7.47
presents the scheduling of the resources for this scenario.

The scheduling presents the impact of DG in periods with high generation. The demand
response, external suppliers and storage dischargeised in all periods, being the DG used in
periods with sun (PV generation). In second, the demand response and storage discharge has
also a significant impact in the schedulingirly dispatched in all periods.

W)

<

Power production (1
=
[—]

1N

12 13 14 15 16 17 18 19 20 21 22 23 24
Period (h)

= External Suppliers

9 10 11

i Distributed Generation A Storage Discharge

I Vehicle Discharge LdDemand Response =e=Total Consumption

Figure7.47 ¢ Microgrid dayahead generation results for scenar®(without EVS.

The DR programs are more used in the peak periods, particularly between periods 20 and 24.
Additionally,Figure7.48 depicts the impact (in percentage) that each type of resource has in the
total power generationThe total power generation was divided in 42.83% for DG, 24.87% for
the storage discha@e, 22.58% for demand response and 9.72% for the external suppliers.
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Figure7.48 ¢ Generation resources percentage for scenaBidwithout EVS.

The load diagram composed by the consur@desmand, the energy sale, the charging of EVs
and storage is illustrated iRigure7.49.
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Figure7.49 ¢ Microgrid dayahead consumption results for scenar Wwithout EVS.

The energy sale is scheddley the microgridoperator in periods witlexcess of Pgeneration.
Under these circumstances, the energy sale is economically viable when there is ana@xces
energy in the microgrid. The percentage of each type of consumer is presenfaglie7.50.

The total power consumption was shared in 57.01% for the load consumption and 42.83% for
the energy saleThis scenario resulted in the same cost to the microgrid operator compared
with scenario 1 (base). This fact shows the small imipattEVs have irhie microgrid éost

Vehicle Charge;
0.00%

Load; 57.01%

¥ Energy Sale;
42.83%

B Active Loss; 0.16%

Figure7.50 ¢ Consumption resources percentage for scenaBigwithout EVS.
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With scheduling results of scenario without EVs, it is importardompare withscenariol to
analy® the differences and the impact of the changé&able7.20 shows the results of the
scenario 3 compared with base scenario (base).

Table7.20 ¢ Comparison between scheduling of scenarios 1 and 3.

Type Senario 1 (kW) Scenario 2 (kW) Variation (%)
Generation
DG 1057.62 1057.62 =
External suppliers 240 240 =
Storage discharge 614.25 614.25 =
EVs discharge 3.60 0 -100
DR 681.55 557.64 -18.18
Total generation 2597.02 2469.50 -4.91
Consumption
Load 1407.86 1407.86 =0
Storage charge 0 0 0
EVs charge 127.67 0 -100
Energy Sale 1057.62 1057.62 =0
Total consumption 2593.15 2465.48 -4.92

Without EVs capacity, the impact in generation side is very small being the demand response
reduced18.18%. In the case of DR, the result value corresponds to 22% of the total generation

in the scenario 3. In the consumption side, the lack of EVs to charge only reduces the total
consumption in 4.92%.

7.2.3.4. Scenario £ without DG and EVs

The scenario 4 considethe scheduling of the microgrid without DG and EVs, and the optimal
scheduling obtained a cost of 53.66 m.u., with an execution time of 89.36 sedeigdse7.51

presents the scheduling of the resources for this scenario.
60 \ "“\/
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Figure7.51 ¢ Microgrid dayahead generation results for scenarib (without DG and EV)s
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The scheduling presents a decrease of the demand response without DG and EVs. The external
suppliers and storage discharge are used with same power as in base scenario. In second, the
demand response and storage discharge has also a significant impéet schieduling, being
dispatched in all periods, such external suppliers but with less impact. Additidrigilye7.52

depicts the impact of each typ# resource in the total power generation.

Storage Vehicle Discharge;
Discharge; 43.62% 0.00%

Ve

Demand
Response; 39.33%

] External
Suppliers; 17.04%

Distributed
Generation;
0.00%

Figure7.52 ¢ Generation resources percentage for scenadidgwithout DG and EV)s

The total power generation was divided in 43.62% for the storage discharge, 39.33% for demand
response and 17.04% for the external suppli&ise load diagram composed by the consurfers
demand, the energy sale, the charging of EVs and storage is illubindtegure7.53.
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Figure7.53 ¢ Microgrid dayahead consumption results for scenarib(without DGand EVy

The methodology scheduled the loads as the only resource used in consumption side (100%).
This scenario resulted in a decrease of the cost to the microgrid operator in 158.65 m.u.,
representing 75% lower than the cost in scenario 1 (base). &thistion is related with the not
scheduling of PV panels, therefore the aggregator does not remunerate the PV producers. On
the other hand, the microgrid operator is not able to charge the storage with the excess
generation from PV panels. In the case WEEhe lack of these resources had no impact in the
scenario.Table7.21 shows the results of the scenario 4 compared with scenario 1.
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Table7.21 ¢ Comparison between scheduling of scenarios 1 and 4.

Type Scenario 1 (kW) ‘ Scenario 4 (kW) ‘ Variation (%)
Generation
DG 1057.62 0 -100
External suppliers 240 240 =0
Storage discharge 614.25 614.25 =0
EVdischarge 3.60 0 -100
DR 681.55 553.85 -18.74
Total generation 2597.02 1408.10 -45.78
Consumption
Load 1407.86 1407.86 =
Storage charge 0 0 =
EVs charge 127.67 0 -100
Energy Sale 1057.62 0 -100
Total consumption 2593.15 1407.86 -45.71

Without DG generation and EVs capacity, the total consumption is supplied by external
suppliers, storage discharge and DR. This last one decreases to 18.74%, however, the result value
corresponds to 39% of the total generation in the scenario 4. The estogyge capacity and

energy sale without DG generation is completely reduced, therefore the total consumption
corresponds to the loads consumption.

7.2.3.5. Scenario & 20% of PV power generation

The scenario 5 considers the scheduling of the microgrid with 20% of PV power generation, and
the optimal scheduling obtained a cost of 85.49 m.u., with an execution time of 100.92 seconds.
Figure7.54 presents the scheduling of the resources for the present scenario.
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Figure7.54 ¢ Microgrid dayahead generation results for scenario(20% of PV power geration).

Even with the decrease of 80% in PV generation, the scheduling does not reflect a considerable
increase of the others resources, including the demand response. Nevertheless, the impact in
total generation is higher than in scenario 1 ($égure?7.40), because the PV generation have
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been reduced.Figure7.55 depicts the impact of each type of resource in the total power
generation.

Storage Vehicle Discharge;
Discharge; 35.15% 0.21%
\

| | External

Suppliers; 13.74% Demand

Response; 38.80%

Distributed
Generation;
12.11%

Figure7.55 ¢ Generation resources percentage for scenari¢Z0% of PV power generation)

The total power generation was divided in: 12.11% for DG, 13.74% for the external suppliers,
38.80% for demand response and 35.15% for the storage discharge. In this scenario, the storage
discharge and demand response became the resources with the higmgstct in the
generation sideThe load diagram composed by the consurtdesmand, the energy sale and

the charging of EVs/storage is illustratedrigure?7.56.
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Figure7.56 ¢ Microgrid dayahead consumption results for scenar®(20% of PV power generation)

The charge of EVs happens mainly in thepetik periods, because in these periods there are
more resources with a low price. Thus, it is cheaper for the microgrid operator to charge in these
periods, and then discharge the EVs in periods with resourd¢bsavhigh price. Also in this case,
the energy sale is scheduled by the operator, because there is excess of energy in this scenario

through DR programs and storage energy. The percentage of each type of consumer is presented
in Figure7.57.

The total power consumption was shared in 80.57% for the load consumption, 12.11% for
energy sale and 7.31% for vehicle chafj@s scenario resulted in a decreas the cost to the
microgrid operator in 126.82 m.u., representing 60% lower than the cost in scenario 1 (base).
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This reduction is related with the reductiasf the PV generation therefore the aggregator
reduced the remuneration to the PV producersducing its operation cost

Load; 80.57%

Vehicle Charge;
731%

B ActivelLoss; 0.01%

B Energy Sale;
12.11%

Figure7.57 ¢ Consumption resources percentage for scenabi¢20% of PV power generation)

With scheduling results of scenario with 20% of PV generation, it is important to compare with
scenario 1 (base) results to analyse the differences and the impact of the chamadpbesz.22
shows the results of the scenario 5 compared to scenario 1.

Table7.22 ¢ Comparison between scheduling of scenarios 1 and 5.

Type Scenario 1 (kW) Scenario 5 (kW) Variation (%)
Generation
DG 1057.62 211.52 -80
External suppliers 240 240 =
Storage discharge 614.25 614.25 =
EVs discharge 3.60 3.60 =
DR 681.55 677.90 -0.54
Total generation 2597.02 1747.27 -32.72
Consumption
Load 1407.86 1407.86 =
Storagecharge 0 0 =
EVs charge 127.67 127.67 =
Energy Sale 1057.62 211.52 -80
Total consumption 2593.15 1747.05 -32.63

The reduction ofPV power capacithad animportant in the scheduling, wher¢he total
generationis decreased i82.72%. In the case of DR, the result value corresponds to 39% of the
total generation in the scenario 5, less 0.54%en comparedto the base scenario. In the case

of external suppliers, storage discharge and EVs discharge, the supply is the same dampare
scenario 1. In the consumption side, the energy sale is significantly reduced in 80% cotopared
scenario 1. The energy sale reduction corresponds to the same percentage ofghadtstion

reduction.
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7.2.3.6. Scenario 6 20% of PV power generation and 20%texrternal
AddzZLILX ASNBRQ LR oSN

The scenario 6 considers the scheduling of the microgrid with 20% of PV power generation and

HE: 2F SEGSNYIFE adzllld ASNEQ LR26SNE YR GKS 2LIAY
an execution time of 135.70 secondSgure7.58 presents the scheduling of the resources for

this scenario.
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Figure7.58 ¢ Microgrid day-ahead generation results for scenario(@0% of PV power generation and
HE: 2F SEGSNYLFf &dzLILX ASNRQ L2 6 SN

The less contribution of the DG and external suppi®thecausefor ahigh need to use the DR
programs and the discharge of storage. The extesoppliers significantly reduce the impact in
0KS 02y adzy ONIn&@othBrHandithe BB programs have also a significant impact in
the scheduling, being dispatched in all periods, like storage discharge. The storage discharge is
intensivelyused in he off-peak periods, particularly between periods 1 and 5, the periods with
less DRMoreover, the DR and storage discharge is used by the microgrid operator, because is
cheaper than the exgnsive external suppliers (s@able7.18). Additionally Figure7.59 depicts
the impactof each type of resource in the totpbwer generation.
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Figure7.59 ¢ Generation resources percentage for scenarig20% of PV power generation and 20% of
SEGSNY I adzZldld ASNBQ LJ2gSND

PageB6 of 188 September 2016



Experimentallests: Europe and Brazil Benchmarking

The total power generation was divided in 12.11% for DG, 2.75% for the external suppliers,
49.79% for demand response, 35.15% for the storage discharge and 0.21% for EVs discharge.

The load diagram composed by the consur@Hesmand, the energy sale, the atging of EVs
and storage is illustrated iRigure7.60.
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Figure7.60 ¢ Microgrid dayahead consumptia results for scenario §20% of PV power generation
FYR wmr?: 2F SEGSNYIFf adzZJX ASNERQ LJ2gSND

The EVs charge is was mainly used in theedik periods and the selling of energy to the
electricity market in the periods with DG generation, because in botiogerthere are more
resources with a low price. The percentage of each type of consumer is presefRigdrier.61.
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Figure7.61 ¢ Consumption resources percentage for scenari¢?6% of PV power generation and 20%
2F SEGSNYFE adzZdX ASNARQ LJ2gSND

The total power consumption was shared in 80.57% for the load consumption, 7.31% for vehicle
charge and 121% for energy salélhis scenario resulted in a decrease of the cost to the
microgrid operator in 72.05 m.u., representing 66% less than the cost in scenario 1 (base). This
decrease is related with the reduction in scheduling of PV panels and extepmiess.

With scheduling results of scenario with 20% of PV generation and 20% of external suppliers, it
is importantto compare with scenario 1 (base) results to anatye differences and the impact
of the changesTable7.23 shows the results of the scenario 6 compared with scenario 1.
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Table7.23 ¢ Comparison between scheduling of scenarios 1 and 6.

Type Scenario 1 (kW) ‘ Scenario 6 (kW) ‘ Variation (%)
Generation
DG 1057.62 211.52 -80
External suppliers 240 48 -80
Storage discharge 614.25 614.25 =0
EVs discharge 3.60 3.60 =0
DR 681.55 869.90 + 27.64
Total generation 2597.01 1747.28 -32.72
Consumption
Load 1407.86 1407.86 =
Storage charge 0 0 =
EVs charge 127.67 127.67 =
Energy Sale 1057.62 211.52 -80
Total consumption 2593.14 1747.05 -32.63

The increase of DR is directly related with the reduction of PV capacity and exdeppikrs,
otherwise the consumption would not be supplied. In this case, an increase of 27.64% for DR
programs, while the total generation reduced 32.72%. In the case of DR, the result value
corresponds to 50% of the total generation in the scenario 6.

7.2.3.7. Senario 7¢ 50% of PV power generation and 20% of external
ddzZLILX ASNBEQ L2 4SNJ

The scenario 7 considers the scheduling of the microgrid with 50% of PV power generation and
20% of external suppliers, and the optimal scheduling obtained a cost of 119.64 nthuanwi

execution time of 95.28 secondBigure?.62 presents the scheduling of the resources for this
scenario.
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Figure7.62 ¢ Microgrid dayahead generation results for scenario(30% of PV power generation and
HE? 2F SEGSNYIFf adzlld ASNEQ LJ2 g SND

Once again, the demand response and storage discharge had a significant importance in this
scenariog KAt S GKS SEGSNYI t &dzLJL) ASNAR AAIYAFAOIyitea
The scheduling of this scenario is similar to the one obtained in the previous scenaffig{see
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7.58). Additionally Figure7.63 depicts the impact (in percentage) that each type of resource has
in the total power generation.

Storage Vehicle Discharge;
Discharge; 29.74% /_ 0.17%
[ | External
Suppliers; 2.32%

-

Distributed Demand
Generation; Response; 42.16%
25.60%

Figure7.63 ¢ Generation resources percentage for scenari¢ggD% of PV power generation and 20% of
SEGSNY I &dzZJL)X ASNBRQ LJ2gSND

The total power generation was divided in 25.60% for DG, 2.32% for the external suppliers,
42.16% for demand response, 29.74% for the gjerdischarge and 0.17% for EVs discharge.

The load diagram composed by the consur@dmmand, the energy sale, the charging of EVs
and storage is illustrated iRigure7.64.
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Figure7.64 ¢ Microgrid dayahead consumption results for scenario(30% of PV power generation
FYR wm?: 2F SEGSNYIFf adzJX ASNARQ LJ2gSND

The load diagram is also similar to the one in the previous scenario, the main difference is related
to the amount of energy scheduled for selling in the electricity market. In this scenario, the
energy sale has more impact due to the higher availabilitgx@ess PV generation than in
scenario 6. The percentage of each type of consumer is presenkggure7.65.

The total power consumption was shara 68.16% for the load consumption, 6.18% for vehicle
charge and 25.60% for energy sale. In the scenario, the energy sale represents an important
impact in the total consumption of the scheduling results. Once more, the cost was decreased

in 92.67 m.u.representing 44% less than the cost in scenario 1 (base), due to the fact of reducing
the PV generation.
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Figure7.65 ¢ Consumption resources percentage for scenari¢6D% of PV power generation and 20%
2F SEGSNYIFf adzZllX ASNARQ LJ2gSND

With scheduling results of scenario with 50% of PV generation and 20% of external suppliers, it
is important to compare with scenario 1 (base) results to analyse the differences andahet im

of the changesTable7.24 shows the results of the scenario 7 compared with scenario 1.

Table7.24 ¢ Comparison between scheduling of scenarios 1 and 7.

Type Base Scenario (kVV)‘ Scenario 7 (kW) ‘ Variation (%)
Generation
DG 1057.62 528.81 -50
External suppliers 240.00 48.00 -80
Storage discharge 614.25 614.25 =
EVs discharge 3.60 3.60 =
DR 681.55 870.81 +27.77
Total generation 2597.01 2065.46 -20.47
Consumption
Load 1407.86 1407.86 =
Storage charge 0 0 =
EVs charge 127.67 127.67 =
Energy Sale 1057.62 528.81 -50
Total consumption 2593.14 2064.33 -20.39

The DRincreased tasupply the consumption needs, in this case incréd&77%. On the other

hand, the total generation reduced 20.47%. In the case of DR, the result value corresponds to
42% of the total generation in the scenario 7. In the consumption side, being thealemssity

of DG generation and external suppliers, the energy sale decreases 50% compared with base
scenario, which corresponds to the same percentage dectbiagbe PV generation.

7.2.3.8. Scenarios Comparison and Final Considerations

The results summary of the case study to @e&rman residentiahicrogrid are presented bellow
with the main objective compare all scenarios in the -dagad schedulinglable7.25 shows
the operation costs and the time duration of the simulation to the all 24 periods of a day.
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Table7.25 ¢ Obtained results for all scenarios in dahead scheduling

Scenario
Type
1-Base 2 3 4 5 6 7
Costs (m.u.) 212.40 53.76 212.30 53.65 85.49 72.05 | 119.64
Time (s) 102.99 86.49 68.69 89.36 | 100.92 | 135.70 | 95.28

In terms of cost and timehe best and worstesultsare highlighted below

1 Worstcost operation: scenarit (base;

1 Bestcost operation: scenario 4 (without DG and EVSs)

1 Higresttime duration of simulation: scenario 6 (20% of PV generation and 20% of
external suppliers)

1 Lowesttime duration of simulation: scenari®(without EVS)

The scenari® (without EVsalso preserga high cost and very close to the cost presented by
scenariol. Thus, the impact of EVs in the scheduling of this case study is insignificant. On the
other hand, scenario 2 (without DG) also presents a low cost and very close to the cestgues

by scenario 4, where the PV panels are removed in both scenarios. The cost is reduced in both
scenario, because the microgrid operator does not remunerate the PV panels. The PV panels
have the highest energy price (s€able7.18) of all resources in the microgrid, and the microgrid
operator must fully dispatch all the PV generatiéil scenarios obtained an execution time
close to 100 seconds therefore this pareter is not as relevant as the cost for this case study.

Table7.26 compares all scenarios with base scenario verifying the changes in power resources
(consumption and generation). In the table is showed the power value for each resource in
generation and gesration view and others scenarios shows the percentage of resources

changes compared with base scenario.

Table7.26 ¢ All scenarios compared with base scenario.

SR Scenario
P Base (\W)| 2(%) | 3(%) | 4(%) | 5(%) | 6() | 7 (%)
Generation
DG 1057.62 -100 =0 -100 -80 -80 -50
External 240 =0 | =0 =0 | =0 | -80 -80
suppliers
Storage | 61405 | =0 =0 =0 = = =
discharge
EVs discharg 3.60 =0 - 100 -100 = = =
DR 681.55 -054 | -18.18 | -18.74 | -0.54 | +27.64| +27.77
Total' 2597.02 | -40.87 | -491 | -4578 | -32.72 | -32.72 | -20.47
generation
Consumption
Load 1407.86 =0 =0 =0 =0 =0 =0
Storage 0 =0 =0 =0 =0 =0 =0
charge
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EVs charge| 127.67 =0 -100 -100 =0 =0 =0
Energy sale| 1057.62 | -100 =0 -100 -80 -80 -50
Total 2503.14 | -40.79 | -4.92 | -45.71 | -32.63 | -32.63 | -20.39
consumptlon

In this context, the scenario witthe highestincreased power in DR is the scenafjaeaching

a percentage 027.77%. The DR increases when cut or reduced the power capaeityeofal
suppliersin the case of E\&d storagalischargethey had the same scheduling in all scenarios.
However, in scenarios 3 and 4 the EVs discharge decreased 100% because thecEéei
removed in these two scenario§he scenario witlhe highest reduction in total generation is
the scenariod (without DG and EVYsAdditionally,the scenario3 (without EVs) obtained the
lowest reduction interms oftotal generation.In the consmption side, the EVs charge never
changel even in scenarios without EVThe energy sale had thewestimpact in scenarios 2
and 4, the scenario without DG, decreasing 100% compéweldase scenario. In others
scenarios, the energy sale is always us@t highest use in scenario 3.

Finally, the DR reduce program reached a significant impact in most of the scenarios, only in
scenarios 3 and 4 its scheduling has been reduced. The DR programs had more importance in
the scenarios with #gack of generation from external suppliers (i.e. scenarios 6 anthg) DR
reached an impact between 22% and 50%. As final conclusion, the power reduction of external
suppliers can cause more scheduling of DR programs.
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8. Case Study University Campudicrogrid

The presented case study shows the optimal resource scheduling of an aggregator that manages
the resources of a university campus. The main goal is to obtain the minimum operation cost
while supplying the required demand. The case study uses ddleectanl from a university
campus and adapted data from measurements collected by GECAD (e.g. bars, gyms, and so on).
Due to confidentiality reasons the detailed content of the data used in this case study will not
be shown.

8.1. University Campus Description

The case study deals with a private low voltage distribution network of a university campus
located at north of Portugal. University campus consists in:

Classrooms and Laboratories;
lecture theatre;

Research groups;

Barroom,;

Canteen;

Restaurant;

Bank;

1T Gym.

= =4 -4 —a -—a -8 -

The data measures were taking place between 25 of September 2014 and 27 of January 2015,
using the measurement equipment shownHRigure8.1.

Figure8.1 ¢ Connections to obtain the measures.

The single diagram of the microgrid distribution network can be se&igire8.2. This network
is composed by 21 buses, 2.85 km of underground cables.
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Figure8.2 ¢ Single line diagram of distribution network.

The university campus microgrid distributioatwork is connected to the main gritirough a
medium voltage/low voltage Transformer (Bus 21). The distribution transformer is the
connection point of electrical energy between the microgrid operator and external suppliers,
and presents the following chacteristics: 15kV/400230V, 2050 kVA.

The university campus accommodates two 750 W wind generators and two 400 W photovoltaic
(PV) systems, located on Bus 12. The characteristics of the neanesskown inTable8.1. The

base power considered is 1 kVA.

Table8.1 ¢ Microgrid distribution network characteristics.

Line (fror?lL:Sto i Distance (km)| Resistance (p.u] Reactance (p.u Mal)i(:mf (nk]\f :)W e
1 21-1 0.04 1.67 x 164 2.00x 165 121
2 21-2 0.07 6.96 x 165 3.50x 165 276
3 21-3 0.08 2.47x 164 3.50x 165 143
4 21-4 0.135 4.16 x 164 5.90 x 165 133
5 21¢4 0.135 4.16 x10-4 5.90x 165 133
6 21¢5 0.080 1.97 x 163 4.00 x 165 37
7 21¢6 0.085 6.79 x 165 3.71x 165 316
8 21¢7 0.155 2.26 x 163 7.75%x 165 52
9 21-8 0.135 2.89 x 164 5.90 x 165 170
10 21¢9 0.170 5.24 x 164 7.44 x 165 133
11 21-9 0.170 5.24 x 164 7.44 x 165 133
12 21¢10 0.175 1.37 x 164 8.75x 165 251
13 21¢11 0.115 3.54 x 164 5.03x 165 143
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Line (froriuisto i Distance (km)| Resistance (p.u] Reactance (p.u Ma:;::;:x (rEVp :)W e
14 21¢12 0.195 2.39x 164 9.75x 165 240
15 21¢12 0.195 2.39x 14 9.75x 165 240
16 21¢13 0.105 1.28 x 164 5.25x 165 238
17 21¢14 0.215 1.98 x 163 1.08 x 164 69
18 21¢15 0.245 2.25x 163 1.23 x 164 69
19 21¢16 0.255 7.86 x 164 1.12x 164 133
20 21¢ 17 0.240 1.88 x 164 1.20 x 164 251
21 21¢ 18 0.085 1.24x 163 4.25x 165 52
22 21¢19 0.155 6.47 x10-4 7.75x 165 121
23 21-20 0.115 1.06 x 163 5.75 x 165 78

8.2. Resources Description

The main goal is use a methodology to determine the optimal resource scheduling proposed in
[Silva, 2015in this network with a resources penetration for the y&a50, where the profits
maximization function was used in the daliead resources scheduling.

The penetration of resources in this university campus was projected to the year of 2050,
resulting inthe accommodation of 20 photovoltaic (PV) panels, 4 wind generators, 1 biomass
unit, 7 storage systems, and 300 Electric Vehicles (EVs), with charge and discharge capacity
located in car parks. The total power generation of each resource is presented:

20 PV Systemsg 475 kW;

4 wind generatorg, 400 kW;

1 biomasg; 40 kW;

7 storage systems 175 kWh;

300 electric vehicles 5825 kWh;

20 load points with Demand Response (DR) programs;
1 external supplieg 500 kW;

Selling to the electricity market1500 kW.

= =4 4 4 -8 —a -2 -2

The microgrid operator has its own endogenous resources, namely PV, wind and biomass, to
support the required demand of the university campus. For these resources, different profiles
of power generation have been developed for this case study. The profdaeted are based on

the typical curves that represent the solar and wind behaviokigure8.3 depicts the power
generation for the endogenous resources of the microgrid operator.

Analysing the figure, the biomass unit has a constant power generation of 40 kW, while the wind
generators have an intermittent behaviour with a peak power generation around 340 kW. The

PV panels follow a typical curve of solar behaviour with a peak pgemeration around 250

kWp. The total power generation from these resources reaches a maximum value around 625
kW in period 13. In some periods these endogenous resources can fully support the required
demand of the university campus, as it is possiblea® ieFigure8.4. This figure presents the
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total consumption for the 20 load points and the total generation related to the PV panels, wind
generators and biomass uni

400

w w
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=] =]
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h
=]

Power production (kW)

=]

1 2 3 45 6 7 8 9 101112 13 14 1516 17 18 19 20 21 22 23 24
Period (hours)

Biomass Wind ——Photovoltaic
Figure8.3 ¢ Power generation of PV panels, wind and biomass.

The microgrid operator requires the use of other resources (external suppliers, DR programs,
discharge from storage or EVSs) to support thaddetween periods 20 to 24 and between
periods 1 to 4. In the remaining periods, the excess of generation from endogenous resources
can be used to charge of storage/EVs or to sell energy to the electricity market.

700
600

500

S
=)
=]

Power (kW)

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Period (hours)

Consumption Total

Figure8.4 ¢ Total generation and total consumption.

The Electric Vehicles (EVs) parked in the parking lot of the university campus were also
considered in the management of the microgrid. The charging and discharging of their Izatterie
can be controlled by the microgrid operator. The same control stands for the storage systems.
The EVs will remunerate the microgrid operator for charging their batteries until a minimum
energy required by the EV users. On the other hand, the microgedatqr will have to pay
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discharging energy of the EVs. Thus, the EVeSSi simulator tool [Soares, 2012] was used to
generate a scenario for the university campus, determining the EVs movements and their trip
consumption during the day that are shownRigure8.5.
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[ 1Number of EVs connected mmm Number of EVs in trip ——Evs' trip demand
Figure8.5 ¢ Trip consumption and number of EVs connected and in trip.

As mentioned above, the DR programs atso used in this case study with two direct load
control programs:(i) the DR reduce program is applied for continuous reduction of the
consumption, andii) the DR cut program is a discrete reduction (on/off) of the consumption.
The DR reduces and cutograms can be applied for 20% and 10%, respectively, of the
consumption in the university campus (s€egure8.4). In Table 8.2, the number of units,
maximum power and prices established for eachetg resource are indicated.

Table8.2 ¢ Power and Price for each energy resource type.

Resource type Units Power (kW) Price (m.u./kWh)
PV 20 475 0
DG Wind 4 400 0
Biomass 1 40 0
External suppliers 1 500 0.07
Energy sale 1 1500 0.06
DR reduce 100 0.08
Load DR cut 20 50 0.09
Charge 0
Storage Discharge ! 35 0.06
Charge [X 239] 0.095
EV Charge [24@ 300] 300 1500 0.11
Discharge 0.15

The price of PV panels, wind generators and biomass unit has a price equal to zero, because they
are endogenous resources of the microgrid operator. On the other hand, the microgrid operator
has to remunerate the external supplier, the loads that activhe&ér DR programs, the discharge

from storage systems or EVs. On the other hand, the microgrid operator will receive from
charging the EVs in the parking lot of the university campus. The charging price is equal to 0.095
m.u./kWh to the EVs with id fromtb 239, while the rest (EVs with id from 240 to 300) have a
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charging price of 0.11 m.u./kWh. The first charging price is applied to regular users of the
university campus, such as professors, university staff and students. The second charging price
is appled to visitors of the university campus.

8.3. Scenarios Structure

For this case study were developed 10 scenarios, where the first scenario is the base scenario of
the university campus for the year 2050. The remaining scenarios will be based on this one with
an additional modification, e.g. remove the generation from DG units or reduce the generation
from the wind generators. The results obtained by the other scenarios will be compared to this
base scenario. This comparison will enable to understand the ingfaedch change made in

each scenario. All scenarios of this case study are presented below:

Scenario X, Base Scenario;

Scenario Z, without DG;

Scenario & without EVs;

Scenario 4 without DG and EVs;

Scenario & 20% of wind power;

Scenario & 20% ofPV;

Scenario & 20% of wind power and external suppliers;
Scenario & 20% of PV and external suppliers;

Scenario € 50% of wind power and 20% of external suppliers;
10. Scenario 1@ 50% of PV and 20% of external suppliers.

© o N Ok wDdE

The sampling period and tirdgorizon of all scenarios are 1 hour and 24 hours, respectively. The
aggregator will execute a methodology to obtain the @ddngad optimal resource scheduling for

each scenario of this case study. The microgrid operator can supply the required demand
through the DG units, external suppliers, DR programs (reduce or cut), EVs discharge and storage
discharge. The microgrid operator has to fully dispatch the generation from renewable sources,
such as PV panels and wind generators.

On the other hand, the microgridperator can sell energy to the electricity market that comes
from the excess of generation from PV panels, wind generators and biomas$-ignite8.6
presents a diagram, evidencing the information concerning dhgahead optimal resource
scheduling problem for each simulation perioflhe optimal resource scheduling uses a
deterministic technique based on Mixddteger Non Linear Programming (MINLP)

I

Figure8.6 ¢ Scheme of the dayahead optimal resource scheduling problem.

A deterministic technique is implemented in the software general algebraic nindedystem
[GAMS, 2016], also referred to GAMS. The methodology has been developed in MATLAB
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software [MATLAB, 2016], where the deterministic technique is called. All these scenarios have
been tested on a computer with one processor Intel® Xeor@BES v22.10 GHz, with twelve
cores, 16GB of randofmccessmemory and Windows 10 64 bits operating system.

8.4. Results and Analysis

This section presents the results and analysis of the optimal resource scheduling obtained for
each scenario of the case study for thécrogrid in the university campus. At the end, scenarios
comparison and final considerations will be also included.

8.4.1. Scenario X Base Scenario

For this scenario 1 (base), the deterministic technique obtained an optimal solution with a profit
of 136.8 m.uthat resulted from an income of 225 m.u. and a cost of 88.2 m.u. The methodology

took around 129 seconds to find the optimal solutifiigure8.7 presents the optimaresource
scheduling for this scenario 1.
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Figure8.7 ¢ Optimal resource scheduling for scenario 1 (base).

ThroughFigure8.7 it is possible to see that the DG contributes with 88% of the total generation
(seeFigureB.8). 11%s given by the external suppliers, while storage discharge contributes with
only 1%. Regarding to DR it is obtained a very small value in period 12 (0.0Big\8.8
depicts the percentage of each resource in the optimal resource scheduling of scenario 1.

Distributed
Generation; 88%

] External
Suppliers; 11%

Demand
Response; 0%

Vehicle Dlscharge/
Storage

0%

Discharge; 1%

Figure8.8 ¢ Percentage of each resource in the scheduling of scenario 1 (base).
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Figure8.9 presents the load diagram composed by the consumption of the load points, the
charge of storage/EVs and the energy sold to the electricity market.
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Figure8.9 ¢ Power consumption results for scenario 1 (base).

Analysing the figure, the microgrid operator is able to sell energy in the electricity market
between periods 5 and 9. In these periods, there is an excess of PV and wind genegttien th

not possible to charge EVs, because the EVs are not in the university campus. In fact, they come
to the university from the period 8. In the remaining periods, the excess of PV and wind
generation is used to charge the EVs, instead of selling teléutricity market.The percentage

that each type of consumption achieved is illustratedrigure8.10.

Load; 75%

Vehicle Charge;
17%

B Active
Loss; B Market Sell; 7%
1%

Figure8.10 ¢ Consumption resources percentage of scenario 1 (base).

The total power consumption was divided in 75% for the consumptiooad points, 17% for
charging the EVs, 7% for the selling the excess of generation to the electricity market. In addition,
the active power losses reached an impact around 1% of the total power consumption.

8.4.2.  Scenario Z, without DG

This scenario considersdtbase scenario but without DG, where the profit was minus 603.7
m.u. with an income and cost around 301 m.u. and 905 m.u., respectively. The execution time
in this scenario reached 147.2 seconds. As expected, the fact of removing the DG units led an
exporential increase in the cost and a drop in the income to the microgrid operator, resulting in
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a huge negative profit to the operatdfigure8.11 presents the optimal resource scheduling for
this scenario.
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Figure8.11 ¢ Optimal resource scheduling for scenario 2 (without DG).

Comparing this scenario results with the results obtained from the baswsodt is verified, as
expected, a huge grow of the power supplied by the external supplier, because of not
dispatching DG generation. Additionally, the microgrid operator can only acquire from the
external supplier a maximum power of 500 kW. This feictle microgrid operator to applied

DR programs and storage discharge in the periods with a total power consumption higher than
500 kW. If the microgrid operator had not the possible of using DR programs, a part of the
consumption in the university campys each load point) would not be supplied. Thus, the
microgrid operator would have to pay a penalization to the university campus that corresponds
to the amount of norsupplied demandk-or this scenario the percentage of each resource in the
optimal resaurce scheduling is completely different to scenario 1 (base), as it is possible to see
in Figure8.12. The external suppliers reached a percentage of 89%, while thedgRams and
storage systems achieved a percentage of 10% and 1%, respectively.

| | External
Suppliers; 89%

Demand
Response; 10%

Vehicle Dischgrg

0%
\ Distributed

Generation; 0%

Storage
Discharge; 1%

Figure8.12 ¢ Percentage of each resource in the scheduling of scenario 2 (without DG).

In this scenario, the DR programs have more importance than in the scenario 1 (base), where a

small amount of DR was used in period Eyure8.13 presents the power consumption
achieved in scenario 2 for each period.
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Figure8.13 ¢ Power consumption results for scenario 2 (without DG).

In this scenario, the microgrid operator cannot use the excess geoeifaom DG to sell in the
electricity market, just like it happened in the previous scenario. The EVs charging was spread
over the periods that the vehicles were parked in the university campus. In the previous
scenario, EVs charging were more allocatethe periods with more DG generation, namely PV
panels, in order to use the excess of energy from endogenous resources. Another important fact
to highlight in this figure is related with the total consumption that decreases in 6.67% when
compared with tke load diagram of scenario 1 (sEgure8.9). The percentage of consumption

for each resource in the load diagram is illustrate&igure8.14.

Load; 81%

Vehicle Charge;
18%

= Market Sell; 0%

B Active Loss; 1%

Figure8.14 ¢ Consumption resources percentage of scenario 2 (without DG).

In terms of percentage, the results are similar to the ooegined in scenario 1, the main
difference in this scenario is related to not selling energy in the electricity market. The total
power consumption was divided in 81% for the consumption in load points and 18% for charging
the EVs. In this scenario, thetave power losses also achieved a percentage around 1% of the
total power consumption.

Table8.3 shows a comparison of the scheduling obtained in scenarios 1 and 2, which helps to a
better understanding the impact of the changes in scenario 2 (without DG). In this table, the
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power schedied of each resource is presented for each scenario. The last column shows the
variation from scenario 2 to scenario 1.

Table8.3 ¢ Comparison between scheduling of scenarios 1 and 2.

Resource type Scenario kW) Scenario 2 (kW) Variation (%)
Generation
DG 9552.87 0 -100
External supplier 1192.84 9002.73 + 655
Storage discharge 78.75 78.75 =0
DR 0.03 992.58 + 3396054
Total generation 10,824.49 10,074.06 -10
Consumption
Load 8130.51 8130.51 =0
EVsharge 1852.31 1852.31 =0
Energy Sale 713.71 0 -100
Total consumption 10,696.53 9982.82 -6.67

As referred before, the scenario 2 does not schedule the DG units that correspond to a reduction
of 100% when compared with scenario 1. This decrease @fdd€ration caused an increase in

the external supplier and DR programs of 655% and 3396054%, respectively. In general, the total
generation reduce in 10% when compared with scenario 1.

As mentioned above, this scenario resulted into a significant losetprofit of the microgrid
operator, which emphasises the use of endogenous resources to the management of a
microgrid. These resources will introduce important savings in the optimal scheduling of a
microgrid. Nevertheless, this scenario also proveddabeefit of having DR programs, otherwise

the microgrid operator would not be able of supplying a part of the consumption in the
university campus.

8.4.3. Scenario & without EVs

This scenario 3 considers the base scenario (scenario 1) without EVs in the fmrkintpe
university campus. For this scenario 3 (without EVs), the deterministic technique obtained an
optimal solution with a profit equal to 51.2 m.u. with an execution time of 7.6 seconds. The
microgrid operator obtained a cost of 71.1 m.u. and acome of 122.3 m.u. The optimal
resource scheduling for this scenario is depicteligure8.15. The percentage of each resource

is also presented fahis scenario, which can be seerFigure8.16.

In this scenario, the scheduling obtained a similar result to the one obtain in scenario 1 (see
Figure8.7). In most of periods, the DG units are supplying the total consumption in the university
campus.The DG units reached a 93% share of the totakgation, while the external suppliers

and storage discharge achieved a percentage of 6% and 1%, respectively. In this scenario, the
DG supplied most of the total consumption with a 93% share.
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Figure8.15 ¢ Optimal resource scheduling for scenario 3 (without EVs).
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Figure8.16 ¢ Percentage of each resource in the scheduling of scenario 3 (without EVs).

Figure8.17 presents the power consumption obtained in this scenario. In terms of demand, the
microgrid operator sold the excess of DG generation (in particular PV and wind) to the electricity
market, becaus there are no EVs to store this excess of energy in their batt@tespercentage

of eachresourcein the load diagram is illustrated Figure8.18.
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Figure8.17 ¢ Power consumption results for scenario 3 (without EVS).
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Load; 79% Vehicle Charge;

0%

B Market Sell; 20%

B Active Loss; 1%

Figure8.18 ¢ Consunption resources percentage of scenario 3 (without EVS).

In terms of percentage, the main difference with the scenario 1 is related to the increase of
selling energy to the market, because there is no charge of EVs in this scenario. The consumption
in the wiversity campus (represented in the figure as Load) reaches around 79% of the total
consumption, while the market sell obtains a share of 20%. Once again, the active power losses
also achieved a percentage around 1% of the total power consumiioally the comparison

of the scheduling between scenarios 1 and 3 is presentdclinie8.4.

Table8.4 ¢ Comparison between scheduling of scenarios 1 and 3.

Resource type \ Scenario 1 (kW) \ Scenario 3 (kW) \ Variation (%)
Generation
DG 9552.87 9552.87 =
External supplier 1192.84 664.09 -44.33
Storage discharge 78.75 78.75 =
DR 0.03 -100
Total generation 10,824.49 10,295.71 -4.89
Consumption
Load 8130.51 8130.51 =
EVs charge 1852.31 0 -100
Energy Sale 713.71 2039.12 +185.70
Total consumption 10,696.53 10,169.63 -4.93

When comparing the results of this scenario with the base scenario (scenario 1) results it is
obtained 44.33% reduction in the power supplied by the external supplier and 100% reduction
in the DRprograms. The total generation presents a reduction of 4.89%, while the energy sold

to the electricity market increased 185.7% and the total consumption presents a reduction of

4.93%.

The fact of removing EVs in this scenario had the effect of decredsnmgafit to the microgrid
operator in 85.6 m.u., which represents 167% lower than the profit in scenario 1 (base). This
reduction is related with the loss of income from EVs charging, because the EVs pay to the
microgrid operator 0.095 m.u./kWh or 0.11 mykWh. On the other hand, the only income in
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this scenario comes from selling energy to the electricity market, which has an energy price of
0.06 m.u./kWh (se@able8.2).

8.4.4.  Scenario £ without DG and EVs

This scenario 4 does not consider the DG units and EVs. This scenario is a join combination of
scenarios 2 and 3. For this scenario 4 (without DG and EVSs), the deterministic technique obtained
an optimal solution with a profit of minus 575 m.u., where theome and cost are equal to 0.6

m.u. and 576.1 m.u., respectively. The execution time in this scenario was around 5.9 seconds.
Figure8.19 llustrates the optimal resurce scheduling of scenario 4.
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Figure8.19 ¢ Optimal resource scheduling for scenario 4 (without DG and EVs).

In this scenario, the external suppliers are supplying most of the consumption. The storage
discharge is used in some periods, namely in period 12 where is reached the highest
consumption value. The DR programs have a small impact in the scheduling, instead of the
importance obtained in scenario 2 (sEeure8.7), because there is no requirement to charge
EVs. In scenario 2, the operator needed to charge the EVs which increase the total power
consumption. For this reason, the methodology had to use DR programs. The percentage of each
resource is also presentedrfohis scenario, which can be seenhfigure8.20. The external
suppliers reached a percentage of 99%, while the percentage of storage discharge is around 1%.

L} External
Suppliers; 99%

Distributed
Generation; 0%
Demand
Response; 0%

Vehicle Discharge/

0%
Storage
Discharge; 1%

Figure8.20 ¢ Percentage of each resource in the scheduling of scenario 4 (without DG and EVSs).
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The load diagram for this scenario is presentedrigure8.21. In this scenario, the microgrid
operator was not able to sell energy to the electricity market, because there is no excess of
energy from DG unitsThe percentag®ef consumption with the lods points and active power

losses is presented iRigure8.22. Table8.5 shows the comparison of the scheduling results
between scenario 1 and 4.
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Figure8.21 ¢ Power consumption results for scenario 4 (without DG and EVSs).
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Figure8.22 ¢ Consumption resources percentage of scenario 4 (without DG and EVs).

Table8.5 ¢ Comparison between scheduling of scenarios 1 and 4.

Resource type | Scenario 1 (kW) | Scenario 4kW) | Variation (%)
Generation
DG 9552.87 0 -100
External supplier 1192.84 8162.52 + 584
Storage discharge 78.75 75.75 =0
DR 0.03 7.05 + 24033
Total generation 10,824.49 8248.32 -23.80
Consumption
Load 8130.51 8130.51 =0
EVs charge 1852.31 0 -100
Energy Sale 713.71 0 -100
Total consumption 10,696.53 8130.51 -23.90
September 2016
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Comparing the results obtained in scenario 4 with the base scenario it is verified that energy
supplied by the external suppliers increases 584%. The total generation faedsaion of
23.80%. The energy sold to the electricity market is zero in this scenario, while the total
consumption faces a reduction of almost 24%.

8.4.5.  Scenario & 20% of wind power

This scenario 5 considers that wind generators can only generate 20% pud\itee generation
(seeFigure8.3). For this scenario 5 (20% of wind power), the deterministic technique obtained
an optimal solution with a profit equal to minus 190.u. with an execution time of 147.5
seconds. The microgrid operator obtained a cost of 372.2 m.u. and an income of 182.2 m.u. The
optimal resource scheduling for this scenario is depictdeignire8.23.
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Figure8.23 ¢ Optimal resource scheduling for scenario 5 (20% of wind power).

In this scenario, the external suppliers have more impact than the previous scenarios, because
an important endogenous resource reduced its power generation. Thus, the microgrid operator
had to supply the total consumption with the external supplier, iasiag the cost that resulted

in a negative profit. This solution compensated to the operator instead of using the DR
programs. The percentage of each resource is also presented for this scenario, which can be
seen inFigure8.24.

B External

Suppliers; 52%

Distributed
Generation; 47%

Demand
Response; 0%

Vehicle Discharge/

0%

Storage
Discharge; 1%

Figure8.24 ¢ Percentage of each resource in the scheduling of scenario 5 (20% of wind power).
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The external supplier and DG units reached &%5nd 47% share of the total generation,
respectively. Once again, the storage discharge was only able to contribute in 1% of the total
generation powerFigure8.25 depicts the power consumption obtained in this scenario.
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Figure8.25 ¢ Power consumption results for scenario 5 (20% of wind power).

In terms of demand, the microgrid operator was not able to sell the excess of DG generation,
where the operator decided just to supply the load points and to chargeTEégercentage of
each type of consumer is illustratedfigure8.26.

Load; 80%

B Active Loss: 2% B Market Sell; 0%

Figure8.26 ¢ Consumption resources percentage of scenario 5 (20% of wind power).

The consumption in the university campus (represented in the figure as Load) reaches around
80% of the total consumption, while the EVs charge obtains a share of 18%. The active power
losses also achieved a percentage around 2% of the total power consumpinally, the
comparison of the scheduling between scenarios 1 and 3 is preseniebia8.6.

Table8.6 ¢ Comparison between scheduling of scenarios 1 and 5.

Resource type ‘ Scenario 1 (kW) ‘ Scenario 5 (kW) ‘ Variation (%)
Generation
DG 9552.87 4760.18 -50.17
External supplier 1192.84 5249.96 + 340.10
September 2016
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Storage discharge 78.75 78.75 =
DR 0.03 0.03 ~0
Total generation 10,824.49 10,088.91 -7
Consumption
Load 8130.51 8130.51 =
EVs charge 1852.31 1852.31 =0
Energy Sale 713.71 0 -100
Total consumption 10,696.53 9982.82 -6.67

Comparing the results obtained in the base case with this one,pgver obtained by the
external supplier increases around 340%. It is verified a 50% reduction in all DG generation and
around 7% reduction in the total generation. The energy sold to the market decreases to zero in
this scenario.

8.4.6. Scenario € 20% of PV

This scenario 6 considers that PV panels can only generate 20% of their power generation (see
Figure8.3), where the profit was minus 7.2 m.u. with an income and cost around 212.6 m.u. and
219.9 m.u., respectively. The execution time in this scenario reached 81.3 seconds. As expected,
the fact of reducing the PV generation led an exponential increase ioasteand a drop in the
income to the microgrid operator, resulting in a small negative profit to the oper&tigure

8.27 presents the optimal resoge scheduling for this scenario.

S EEC BN ENCBRCERCENCERCERC RS ERC
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Period (h)
=aDistributed Generation = External Suppliers =-iStorage Discharge
~4¥ ehicle Discharge iDemand Response =eo=Total Consumption

Figure8.27 ¢ Optimal resource scheduling for scenario 6 (20% of PV).

As expected, the decrease in 80% of PV generation resulted in more power supplying from the
external sypplier. The scheduling of this scenario is similar to the one obtained in scenario 5, the

main difference is related with a lower impact of external supplier in this scenario. Once again,

the storage discharge and DR programs have been placed betweedgédicand 13, because

of the high consumption achieved in those periods. For this scenario the percentage of each
resource in the optimal resource scheduling is completely different to scenario 1 (base), as it is
possible to see ifrigure8.28.
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Distributed
Generation; 70%

Demand
Response; 0%
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Storage

Discharge; 1%

u External
Suppliers; 29%

Figure8.28 ¢ Percentage of each resource in the scheduling of scenario 6 (20% of PV).

The DG units reached the highest sharéhefscheduling with a percentage around 70%. On the
other hand, external suppliers and storage systems achieved a percentage of 29% and 1%,
respectively. In this scenario, the DR programgelasmall impact in the optimal scheduling.
Figure8.29 presents the power consumption achieved in scenario 1 for each period.
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Figure8.29 ¢ Power consumption results for scenario(20% of PV).

In this scenario, the microgrid operator was still able to sell in the electricity market some of the
excess from DG generation. This fact occurs between periods 5 and 8, because in these periods
there are no EVs in the university campus to store the exoésnergy from DG generation. The

first EVs start to park in university at period 8, resulting in a small charging of EVs in that period.
Another important fact to highlight in this figure is related with the total consumption that
decreases approximatgl2% when compared with the load diagram of scenario 1 Fsgere

8.9). The percentage of consumption in the load diagram is illustratédgare8.30.

In terms of percentage, the results are similar to the ones obtained in scenario 1, a big part of
the total consumption is related to load poin{§6%), the EVs charge also has a significant
percentage of 17%, and finally the small percentage correspond to the sale of energy in the

electricity market (5%). In this scenario, the active power losses also achieved a percentage
around 2% of the total @ver consumption.
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Figure8.30 ¢ Consumption resources percentage of scenario 6 (20% of PV).

Table8.7 shows a comparison of the scheduling obtained in scenarios 1 and 6, which helps to a
better understanding the impact of the changes in scenario 6 (20% of PV). In this table, the
power schedwdd of each resource is presented for each scenario. The last column shows the
variation from scenario 6 to scenario 1.

Table8.7 ¢ Comparison between scheduling of scenarios 1 and 6.

Resource type ‘ Scenario 1KW) ‘ Scenario 6 (kW) ‘ Variation (%)
Generation
DG 9552.87 7471.27 -21.79
External suppliers 1192.84 3073.62 + 157.67
Storage discharge 78.75 78.75 =0
DR 0.03 4.76 + 16202
Total generation 10,824.49 10,628.41 -2
Consumption
Load 8130.51 8130.51 =0
EVs charge 1852.31 1852.31 =0
Energy Sale 713.71 500.93 -29.81
Total consumption 10,696.53 10,483.75 -1.99

The total DG generation decreases almost 22% while the power supplied by the external supplier
increases 160%. Demand response presents heréncrease comparative to the base case
around 1600%. The energgld to the market decrease20%.

8.4.7.  Scenario % 20% of wind power and external suppliers

This scenario considers that wind generators as well as external supplier can only generate 20%
of their power generation (sekigure8.3 and Table8.2). For this scenario 7 (20% of wind power

and external suppliers), the deterministic technique obtained an optimal solution with a profit

of minus 8847.4 m.u., where the income and cost areado 354.7 m.u. and 9202 m.u.,
respectively.
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As expected, the microgrid operator had a huge negative result with this scenario due to the
lack of generation power from wind generators and external supplier. The methodology took
around 219 seconds to firthe optimal scheduling for this scenariéigure8.31 illustrates the
optimal resource scheduling of scenario 7.
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Figure8.31 ¢ Optimal resource scheduling for scenario 7 (20% of wind power and external suppliers).

In this scenario, the lack of generation from wind generators and external supplier let to a
significant use of DR programs in the optimal scheduling. The storage discharge was also more
used in this scenario to replace the decrease of generation powdortunately, the microgrid
operator had norsupplied demand from period 10 to period 24, therefore a part of the
consumption in the university campus was not supported. This is the main reason for the huge
negative result of the microgrid operator, in pi&udlar the huge cost of 9202 m.u.

The operator had to pay a penalization to the university for the amount ofsupplied demand.
Nevertheless, the DR programs were able to minimize this negative effect, otherwise the
amount of nonsupplied demand would & higher and consequently the penalization to the
microgrid operator. The percentage of each resource is also presented for this scenario, which
can be seen ifrigure8.32.

|| External

Storage
Discharge; 2%

Distributed
Generation; 47%

Demand
Response; 20%

Vehicle Discharge;
0%

Non-Supplied
Load; 8%

Figure8.32 ¢ Percentage of each resource in the scheduling of scenario 7 (20% of wind power and
external suppliers).
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The DG units and external supplier reached a percentage of 47% and 23%, respdtie®R
programs reached their highest percentage on a scenario with a share of 20%. The consumption

that was not supplied by the operator reached a percentage of 8%. The load diagram for this
scenario is presented irigure8.33.
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Figure8.33 ¢ Power consumption results for scenario 7 (20% of wind power and external suppliers).

In this scenario, the main difference is related with the allocation of storage charge in seme off
peak periods with the goal of discharging more energy from storage in the periods with high
power consumptionThe percentage that consumption with the logasints and active power
losses is presented Figure8.34, where consumption from university and charge of EVs reached
a share of 79% and 21%, respectivéible8.8 shows the comparison of the scheduling results
between scenario 1 and 7.

Load; 79%

Vehicle Charge;
21%

B Active Loss; 0%

B Market Sell; 0%

Figure8.34 ¢ Consumption resources percentage of scenario 7 (20% of wind power and external
suppliers).

Table8.8 ¢ Comparison between scheduling of scenarios 1 and 7.

Resource type ‘ Scenario 1 (kW) ‘ Scenario 7 (kW) ‘ Variation (%)
Generation
DG 9552.87 4760.18 -50.17
External suppliers 1192.84 2261.88 + 89.62
Storage discharge 78.75 157.5 +100
EV discharge 0 44.15
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DR 0.03 2027.81 + 6938113
Total generation 10,824.49 9251.52 -15
Consumption
Load 8130.51 7227.75 -8
Storage charge 0 97.22
EVs charge 1852.31 1889.04 +1.98
Energy Sale 713.71 0 -100
Total consumption 10,696.53 9214.01 -5.42

It is verified a 50% reduction in the total DG generation and an increase of 90% of the power
supplied by the externasupplier. The power given by the storage discharge achieves the
maximum of the total discharge. The DR programs present a huge increase around 6938113%,
while the total generation faces a reduction around 15%. In order to obtain a feasible solution
for this scenario the methodology was not able to supply 8% of the consumption in the university
campus.

As referred before, the microgrid operator had to pay a penalization to the university for that
8% of norsupplied demand, but the DR programs were importarinimize this penalization.

In scenario 2, the DR programs were also important &§gare8.11), but in that case to avoid
the nonsupplied demandFinally, the microgrid operator was not able to sell energy to the
electricity market in this scenario.

8.4.8. Scenario & 20% of PV and external suppliers

This scenario 5 considers that PV panels and external supplier can only generate 20% of the
power genertion (seeFigure8.3 and Table8.2). For this scenario 8 (20% of PV and external
suppliers), the determiustic technique obtained an optimal solution with a profit equal to 179.5
m.u. with an execution time of 115.2 seconds. The microgrid operator obtained a cost of 131.4
m.u. and an income of 310.9 m.u. The optimal resource scheduling for this scenaricctediep

in Figure8.35.
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Figure8.35 ¢ Optimal resource scheduling for scenario 8 (20% of PV and external suppliers).

In this scenario, the DR programs replace the reduction of PV generation and external supplier.
The microgrid operator benefits from the presence of DR programs in the sitiveampus,
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just like in scenarios 2 and 7. The storage discharge was more scheduled in periods 12 to 14. The
percentage of each resource is also presented for this scenario, which can be Begpméa.36.

Distributed
Generation; 70%

|| External
Suppliers; 17%

Storage
Vehicle Discharge; Demand Discharge; 1%
0% Response; 12%

Figure8.36 ¢ Percentage of each resource in the scheduling of scenario 8 (20% of PV and external
suppliers).

The DG units and external suppliegached a 70 and 17% share of the total generation,
respectively. The DR programs in this scenario reached the percentage of 12%. Once again, the
storage discharge was only able to contribute in 1% of the total generation p&igene8.37

depicts the power consumption obtained in this scenario.
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Figure8.37 ¢ Power consumption results for scenario 8 (20% of PV and external bers).

In terms of demand, the microgrid operator was able to sell the excess of DG generation in the
periods where there is no EVs in the parking lot of the university campus. This option enables
the microgrid operator to have extra revenue, otherwise #xcess of DG generation would be

curtailed to balance the miogrid. Figure 8.38 depicts the percentage that each type of
consumption in the loadiagram.

The consumption in the university campus reaches around 77% of the total consumption, while
the EVs charge obtains a share of 17%. Finally, the selling of energy to the electricity market

reaches the percentage of 5%. These percentages are istmillae ones obtain by scenarios 1
and 6 (sed-igure8.10 and Figure8.30).
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Figure8.38 ¢ Consumption resources percentage of scenario 8 (20% of PV and external suppliers).

The active power losses also achieved a percentage around 1% of the total power consumption.
Finally, the comparison of the scheduling between scenarios Bandresented ifmable8.9.

Table8.9 ¢ Comparison between scheduling of scenarios 1 and 8.

Resource type ‘ Scenario 1 (kW) ‘ ScenarioS(kW)‘ Variation (%)

Generation
DG 9552.87 7471.27 -21.79
External suppliers 1192.84 1809.23 + 51.67
Storage discharge 78.75 78.75 =0
DR 0.03 1232.16 + 4215793
Total generation 10,824.49 10,591.41 -2
Consumption
Load 8130.51 8130.51 =
EVs charge 1852.31 1852.31 =
Energy Sale 713.71 500.93 -29.81
Total consumption 10,696.53 10,483.75 -1.99

Comparing this scenario results with the results obtained from the base scenario, it is verified a
22% reduction in the total DG generation and an increase of the power supplied by the external
supplier (52%)The DR programs present a huge increase and contributes for the decrease in
80% of PV generation and external supplier. The total generation faces a small reduction around
2%. In this case, the energy sells to the electricity market decreases 30%, vehitetdh
consumption decreases 2% due to the presence of the DR progtantkis scenario, the
decrease of 80% in the PV generation and external supplier had the effect of increasing the profit
to the microgrid operator in 42.7 m.u., which represents 3128her than theprofit in scenario

1 (base).

8.4.9. Scenario € 50% of wind power and 20% of external suppliers

This scenario 9 considers the base scenario (scenario 1) with two chaigdse wind
generators can only generate 50% of the power generationKgg&e8.3), and(ii) the external
supplier can only generate 20% of the power generation {s##e8.2). For this scenario 9, the
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deterministic technique obtained an optial solution with a profit equal to 186.6 m.u. with an
execution time of 273.7 seconds. The microgrid operator obtained a cost of 141.3 m.u. and an

income of 327.9 m.u. The optimal resource scheduling for this scenario is depidtégline
8.39.
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Figure8.39 ¢ Optimal resource scheduling for scenario 9 (50% of wind power and 20% of external
suppliers).

Also, the DR programs were used in this scenario as replacement of the lack of energy from wind
and external supplier. In this scenario, the microgrid operator was only able to acquire 100 kW
from the external supplier, and most of the periods this optwas fully used by the operator.
Additionally, the storage discharge was allocated between periods 21 and 23. The percentage
of each resource is also presented for this scenario, which can be seejuie8.40.

Distributed
Generation; 64%
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Response; 16%

Storage
Discharge; 1%
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Figure8.40 ¢ Percentage of each resource in the scheduling of scenario 9 (50% of wind power and 20%
of external suppliers).

The DG units reacldea 64% share of the total generation, while the external suppliers and
demand response achieved a percentage of 19% and 16%, respectively. The storage discharge
obtained a percentage of 1%igure8.41 presents the power consumption obtained in this
scenario. Once again, the microgrid operator used most of the excess of DG generation, namely
PV and wind, to charge EVs. However, between periods 6 and 8 there is a small part of energy
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sold to the electrity market.Figure8.42 shows thepercentage that each type of consumption
in the load diagram.
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Figure8.41 ¢ Power consumption results for scenario 9 (50% of wind power and 20% of external
suppliers).
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Figure8.42 ¢ Consumption resources percentage of scenario 9 (50% of wind power and 20% of
external suppiers).

In terms of percentage, the main difference with the scenario 1 is related to the decrease in
terms of selling energy to the market (2%). The remaining resource achieve a similar percentage,
with the consumption from university and EVs charge r@aghround 79% and 18% of the total
consumption, respectively. Once again, the active power losses also achieved a percentage

around 1% of the total power consumptiohable8.10 presents the comparison of scheduling
results between scenarios 1 and 9.

In terms of generation resources, a reduction of 31.36% in the total DG generation and an
increase of 63.58% in the per supplied to the network by the external supplier are obtained.
Also, the storage discharge achieves the maximum of the total discharge and an increase of

100%. Once again, the DR programs present a huge increase, and finally the total generation
preserns a reduction of 5.5%.
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In terms of consumption, the main difference is obtained with the decrease around 75% in the
energy sold to the electricity market decreases and the total consumption presents a reduction
of 5% due to the presence of the DR programs

Table8.10 ¢ Comparison between scheduling of scenarios 1 and 9.

Resource type ‘ Scenario 1 (kW) ‘ Scenario 9 (kW) ‘ Variation (%)
Generation
DG 9552.87 6557.44 -31.36
External suppliers 1192.84 1951.31 +63.58
Storage discharge 78.75 78.75 + 100
DR 0.03 1641.25 + 5615494
Total generation 10,824.49 10,228.75 -55
Consumption
Load 8130.51 8130.51 =0
EVs charge 1852.31 1852.31 =0
Energy Sale 713.71 179.19 -74.89
Total consumption 10,696.53 10,162.01 -5

8.4.10. Scenario 1@ 50% of PV and 20% of external suppliers

This scenario considers the base scenario (scenario 1) with two chdidles:PV panels can

only generate 50% of the power generation ($8gure8.3), and(ii) the external supplier can

only generate 20% of the power generation (§eble8.2). The profit in this scenario was 133.1
m.u. with an income and cost around 260.8 m.u. and 127.6 m.u., respectively. The execution

time in this scenario reached 125 secorfeigure8.43 presents the optimal resource scheduling
for this scenario.
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e Distributed Generation = External Suppliers L4Storage Discharge
iVehicle Discharge iDemand Response =e=Total Consumption

Figure8.43 ¢ Optimal resource scheduling for scenario 10 (50% of PV and 20% of external suppliers).

The scheduling of this scenario is similar to the one obtained by the previous scenario, the main
difference is related to the less use of DR programs in this scenario, because the reduction of
50% in PV panels have less impact than reducing 50% in wiedagien. The wind generators

have a higher and more constant generation than the PV panels in this microgrid, as it is shown

in Figure8.3. The percentage of each resource in the optimal resource scheduling is illustrated
in Figure8.44.
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Distributed
Generation; 77%

u External
Suppliers; 17%

Demand
Response; 5%
Vehicle Discharge;
0%
Storage
Discharge; 1%

Figure8.44 ¢ Percentage of each resource in the scheduling of scenario 10 (50% of PV and 20% of
external suppliers).

As mentioned above, the DR program only reached 5% of the total generation, which is small in
comparison with the result of scenario 9 (déigure8.40). The DG units and external suppliers
reached a percentage of 77% and 17%, respectiviéigure 8.45 presents the power
consumption achieved in scenario 10 for each period.
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Figure8.45 ¢ Power consumption results for scenario 10 (50% of P\ 20% of external suppliers).

In this scenario, the microgrid operator was able to sell more energy than in scenario 9. This
result is similar to the one obtained in scenario 1 (§égure8.9). In this scenario, the total
consumption had a small decrease of 1.44% when compared with the load diagram of scenario
1 (seeFigure8.9). The percentage of each type of consumer is illustrateeiguire8.46.

In terms of percentage, the results are similar to the ones obtained in scenario Fi(gee
8.10), where the total power consumption was divided in 76% for the consumption in load
points, 18% for charging the EVs and 5% for selling energy to the electricity market. In this

scenario, the active power losses also achieved a percentamesa 1% of the total power
consumption.
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Load; 76%

Vehicle Charge;
18%

B Active
Loss; ™ Market Sell; 5%
1%

Figure8.46 ¢ Consumption resources percentage of scenario 10 (50% of PV and 20% of external
suppliers).

Table8.11 shows a comparison of the scheduling obtained in scenarios 1 and 10, which helps to
a better understanding the impact of the changes in scenario 10 (50% of PV and 20% of external
suppliers).

Table8.11 ¢ Comparison between scheduling of scenarios 1 and 10.

Resource type Scenario 1 (kW) ‘ Scenario 10 (kW)‘ Variation (%)

Generation
DG 9552.87 8251.87 -13.62
External suppliers 1192.84 1756.00 +47.21
Storage discharge 78.75 78.75 =0
DR 0.03 562.72 + 1925253
Total generation 10,824.49 10,649.33 -2
Consumption
Load 8130.51 8130.51 =
EVs charge 1852.31 1852.31 =
Energy Sale 713.71 559.24 -21.64
Total consumption 10,696.53 10,542.06 -1.44

It is verified a 13.62% reduction in the total DG generation and an increase of 47% of the power
supplied by the external supplier. The demand response presents an increase of 100%, while the
total generation faces a reduction around 2%. The eneolfy t® the market decreases around
21.64% and the total consumption presents a reduction of 1.44% due to the presence of the DR
programs.The fact of reducing the PV and external supplier in this scenario had a small effect of
decreasing the profit to thenicrogrid operator in 3.7 m.u., which represents 2.8% lower than
the profit in scenario 1 (base).

8.4.11. Scenarios Comparison and Final Considerations

This last section presents a summary comparison of the results obtained in all scandrfosl
considerations concerning this case stud@igble8.12 presents the profit, income cost and time
obtained for each scenario of this case study. The base scenario (scenario 1) achieved a profit of
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136.8 m.u., with an income and cost of 225u. and 88.2 m.u., respectively, in an execution
time of 128.8 seconds.

Table8.12 ¢ Cost and time results for all scenarios.

Scenario 1 (Base) 2 3 4 5 6
Profit (m.u.) 136.8 -603.7 51.2 -575.5 -190.0 -7.2
Incomes (m.u.) 225.0 301.3 122.3 0.6 182.2 212.6

Cost (m.u.) 88.2 905.0 71.1 576.1 372.2 219.9
Time (s) 128.8 147.2 7.6 5.9 1475 81.3
Scenario 1 7 8 9 10

Profit (m.u.) 136.8 -8847.4 179.5 186.6 133.1

Incomes (m.u.) 225.0 354.7 310.9 327.9 260.8

Cost (m.u.) 88.2 9202.0 131.4 141.3 127.6

Time (s) 128.8 219.0 115.2 273.7 125.0

Regarding to the profits, the greater is verified in the scenario 9, where the wind power and
external supplier can only generate 50% and 20% of their maximum power generation,
respectively. In this variation the storage discharge achithemaximum of the total discharge

and a great increase of DR is also verified, helping to achieve more profits. The second best result
is obtained in scenario 8, where the PV panels and external supplier can only generate 20% of
their maximum power geneten.

Monetary losses are verified mainly when the DGs are removed from the network or reduced
their generation, such as in scenarios 2, 4, 5, 6 and 7. The worst result is verified in scenario 7
with wind generators and external supplier only generatingo206f their power generation.

Here, 8847.4 m.u. of losses are obtained for the microgrid operator. The reason is related with
the penalization regarding 8% of nenpplied demand, which was a necessary measure to make
the optimal scheduling feasible. In tas of time, most of the scenarios achieved similar times,
where the minimum and maximum times of 7.6 and 273.7 seconds were achieved in scenario 3
and 9, respectively.

As final conclusion, the cost can increase with the reduction of power from endogenous
resources and external supplier, in particular if the microgrid operator does not have enough
power generation from endogenous resources, such as PV panels and wind generators.
Otherwise, the cost can be reduced once these endogenous resources have goughto

supply most of the required demand of the university campus. However, in the scenarios with
high cost the microgrid operator was able to use DR programs avoiding the penalization from
non-supplied demand. Additionally, the university was remunedaby the participation in DR
programs.

Table8.13 and Table8.14 present the summary comparison of results in terms of generation
(DG, external suppliers, storage discharge, DR and total generation) and consumption (load, EVs,
energy sale and total consumption). The scenario 1 presents the schgadileach resource.
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On the other hand, in the remaining scenarios is presented the variation of the scheduling

obtained in each scenario to the scenatifhase).

Table8.13 ¢ From scenario 2 to scenario 6 compared with scenario 1 (base).

Resource type Scenario
1(kW) | 2%) | 3(%) | 4(%) | 5(%) | 6(%)
Generation
DG 9552.87 -100 = -100 | -50.17| -21.79
External suppliers 1192.84 + 655 -44.33 | +584 34;_10 + 157.67
Storage discharge 78.75 =0 = =0 = =0
DR 0.03 339;05 4| - 100 | +24033] ~0 + 16202
Total generation 10,824.49 -10 -4.89 -23.80 -7 -2
Consumption
Load 8130.51 = =0 =0 = =
EVs charge 1852.31 = -100 -100 = =
Energy sale 713.71 - 100 +185.70| -100 - 100 -29.81
Total consumption | 10,696.53| -6.67 -493 | -23.90 | -6.67 -1.99

In the scenario that PV or wind generation is reduced, the external suppliers and DR programs
compensate that reduction. For instance, the external suppliers and DR programs increase
around 655% and 3396054% when the PV and wind generation are remowesharie 2. In
scenario §20% of PV and external supplierf)e DR helps to replace the decrease of 80% in
the PV and external suppliers. The same thing happéth scenario 120% of wind and external
suppliers), however the microgrid operator was abte to supply 8% of the power consumption

in the university campus. Thus, the operator was penalized for the 8% efupplied demand.
However, in the scenarios that only the DG generation is removed or reduced, the DR programs
are not increased to commsate that lack of generation, such as in scenarios 2, 4, 5 and 6. In
these scenarios, the external supplier fully replaces the decrease of PV or wind generation.

Table8.14 ¢ From scenario 2 to scenario 6 cgared with scenario 1 (base).

Scenario
Resource type
1kw) | 7)) | 8(®%) | 9(%) | 10(%)
Generation
DG 9552.87 -50.17 -21.79 -31.36 | -13.62
External suppliers 1192.84 + 89.62 +51.67 | +63.58 | +47.21
Storage discharge 78.75 + 100 =0 + 100 =0
+ +
DR 0.03 + 6938113 | + 4215793 5615494 | 1925253
Total generation 10,824.49 -15 -2 -5.5 -2
Consumption
Load 8130.51 -8 =0 =0 =0
EVs charge 1852.31 +1.98 =0 =0 =0
Pagel24of 188 September 2016



Experimentallests: Europe and Brazil Benchmarking

Energy sale 713.71 -100 -29.81 -74.89 | -21.64
Total consumption 10,696.53 -5.42 -1.99 -5 -1.44

Thus, the DR programs are more relevant in scenario with a reduction in the endogenous
resources and external suppliers. Another important conclusion is the importance of using
endogenous resources to reduce the cost and to increaseitbiit for the microgrid operator.

These resources can be also used to charge EVs and storage in periods with excess of generation,
and then use this excess in periods where there is no generation from endogenous resources,
namely photovoltaic and wind.
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9. Case Study, Portugal @fice Buildings Microgrid with
Small Commerce

This case study shows the optimal resource scheduling of an aggregator that manages the
energy resources in a microgrid. The main goal is to obtain the maximum profit while supplying
the required demand of the different buildings in this microgrid. The case study uses data
collected from office buildings and adapted data from measurements collected by GECAD (e.g.
commerce buildings, restaurants, bars, and so on). Due to confidentiadispns the detailed
content of the data used in this case study will not be shown.

9.1. Microgrid Description

This section of report demonstrates the optimal resource scheduling of an aggregator that
manages a microgrid with offices building and some small carmenteuildings. The main goal is

to obtain the maximum profit while supplying the required demand of the consumers of this
microgrid. A case study has been developed considering data from Portuguese office and small
commerce buildingsThe case study usegpdvate network of power distribution in low voltage,
located in the north of Portugal. This network has been adapted for the supply of offices and
small commerce building. The microgrid consists of:

1 32 office buildings (32 loads);
T 12 small commerce buildgs (3 bars, 3 coffee shops, 1 bank, 1 gym, 3 restaurants
and 1 print shop, which corresponds to a total of 12 loads).

The electrification of the urbanization is made through a connection point (BUS 1), connected
to the grid of medium voltage. The powerahsformer has the following characteristiq$)
primary and secondary voltage level 30kV/4&B0V; and(ii) power capacity 160kVA. The
microgrid is composed by 24 lines that connect % buses in a radial topologyhe
characteristics for private network of power distribution in low voltage are showralie9.1.

The urbanization is adapted for a microgrid, wiffices and some small commerce buildings, to

be used in the case studies context. The microgrid with 25 buses has the following energy
resource components:

I 44 Loads with Demand Response (DR) programs;
12 Photovoltaic (PV) panels;

5 Wind turbines;

4 Storag systems;

1 externalsupplier,

32 Electric Vehicles (EVs).

= =4 —a A A

Table9.1 - Characteristic of the distribution network to microgrid case studies.

Line Bus Distance Resistance| Reactance| Maximum power limit
N° (fromi toj) (km) 0O MU oOmu (kVA)
1 1-2 0.035 0.084 0.018 146
2 2-3 0.130 0.312 0.065 146
3 3-4 0.110 0.264 0.055 146
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4 1-5 0.065 0.080 0.033 213
5 1-6 0.130 0.161 0.065 213
6 1-7 0.133 0.165 0.067 213
7 1-8 0.165 0.204 0.083 213
8 1-9 0.168 0.208 0.084 213
9 2-10 0.020 0.286 0.011 47
10 3-11 0.040 0.573 0.023 47
11 3-12 0.020 0.286 0.011 47
12 3-13 0.023 0.329 0.013 47
13 4-14 0.043 0.615 0.024 47
14 4-15 0.015 0.215 0.008 47
15 4-16 0.025 0.358 0.014 47
16 4-17 0.056 0.802 0.032 47
17 6-18 0.038 0.091 0.019 146
18 6-19 0.074 0.178 0.037 146
19 7-20 0.041 0.098 0.021 146
20 7-21 0.084 0.202 0.042 146
21 8-22 0.040 0.096 0.020 146
22 8-23 0.083 0.199 0.042 146
23 9-24 0.035 0.084 0.018 146
24 9-25 0.070 0.168 0.035 146

9.2. Resources Description

In 2020, the contribution of Renewable Energy Sources (RES) to the satisfaction of electricity
consumptionwill be 588% in Portugal, and a large part of this production are from the wind and
solar power[Capros, 2013]in 2020, he sector of Electric Vehicles (EVs) will represent 14% of
the total vehicle's fleet in Portugal global electricity demddds Reis, 2011]Based on the
scenario presented for 2020, a creation of one realistic case study was. b case study
represents a microgrid with offices building and some small commerce buildings. The microgrid
aggregator may receive incentive payments to use DR programs to reduce the load, at maximum
until 15% of the initial load.

The data used tosiulate this microgrid in the case study of Portugal are based on data acquired
by GECAD in several Portuguese offices and commercial buildings for a time horizon of 24 hours,
with a sampling time of 1 hour. Moreover, the profile of the PV panels and Wibdes in the
microgrid are based on the generation data from GECAD in F and N builthbg=9.2 shows

the general information about the data usénl simulate the microgrid for Portugal context.

Table9.2 ¢ Data used in the resources of Portuguese office microgrid case study

Resource Type Type Data information
Data collected bgsECAD in small
commercial consumers

Data collected by GECAD in typical oft
building

Commercial

Consumption
Office
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PV Data based on PV systems installed i
) GECAD buildings (N and F)
Generation : :
Wind Data based on Wind systems installed
GECAD building (F)
EV BatteryElectric Vehicles (BE Information from EVeSSi tool
, Adapted from SMA Battery inverters
Storage Batteries bank (Sunny island 6.0H and 8.0H)

In terms of DG units, the microgrid have 2 different types of generation, the wind turbines and
PV panels. The wind turbines have a total installed power ok¥0&nd PV have a total of 207

kW.Figure9.1 depicts the power generation profile for one day of the total production for the
PVs panels and wind turbines.
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Power production (kW)
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12 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
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——Wind ——Photovoltaic

Figure9.1 ¢ Power generatiorprofile for PV and Windn the Portuguese case study

Figure 9.2 depicts the consumption, i.e. office buildings and commercial building, and DG
produdion profile for this case study. The microgrid operator has to fully dispatch all the power
generation from Distributed Generation (DG) units based on renewable sources (PV and Wind).
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e Offices Cosumption  mmm Small Commerce Consumption ~ ——Wind+PV

Figure9.2 ¢ Consumption vs total DG generatidn the Portuguese case study

Analysing this figure, the power generation from DGrearsupply all the consumption. Thus
the aggregator will require energy from external suppliers outside of the microgrid, through the

Pagel28of 188 September 2016



Experimentallests: Europe and Brazil Benchmarking

bus 1 (seen Table9.4). The microgrid operator can use other sources to support the power
consumption, such as discharging energy from EVs and storage systemgedkh@ower
consumption is achieved at the late morning of the day, between hours 10 and 13. The
consumption of small commerce has a small impact in the total consumption for all periods
when compared with the offices buildings consumptidfigure 9.3 shows the impact (in
percentage) that each type of consumer has in the total power consumption.

S

= Offices Cosumption = Small Commerce Consumption

Figure9.3 ¢ Total energy consumption regarding each type of consumer.

The 64.72% of the consumption is related with the offices buildings, while the 35.28% belong to

the commercial buildings. The offices buildings represent the highest percentage of the total
energy consumption of this case study.

Another resource to be considered by the aggregator is the expected electric vehiclés fug

the microgrid bus. The charging and discharging of their batteries can be controlled by the
aggregator. The EV users willlegvarded by this discharge process, which can bring advantages

to the aggregator, such as avoiding the scheduling of expensive resources or using the excess of
power generation from PV and Wind in other periodsiven the original network one
reconfiguraton was formed with the considering of DGs, storage units and EVs. The EVs scenario

was created using the EVeSSi f@&wsares, 2012)ith total of 32 EVdrigure9.4 shows the EVs
movements and their trip consumption during the day.

40 30
35
25
30 -
= 20 >
g 25 =
L
= o
%20 15
o =
@ 15 /' £
3 / "2
10 \/ z
5
5
0

—— - 0
12345678 91011121314151617 181920212223 24

Period (hours)

I Number of EVs connected  mmm Number of EVs in trip ——EVs' trip demand

Figure9.4 ¢ Trip consumption and number of EVs connected and in trip.
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Table9.3 andTable9.4 present the detailed information for the data used in consumers and DG
units, respectively.

Table9.3 ¢ Data used in the loads of Portuguese office microgrid case study.

Load ID Bus Consumer Type Installed Power (kVA)
1 Office 2.3
2 Office 3.45
3 Office 2.3
4 10 SmallCommerce 6.9
5 15 Small Commerce 5.75
6 20 Small Commerce 4,6
7 11 Small Commerce 10.35
8 16 Small Commerce 6.9
9 21 Small Commerce 6.9
10 25 Small Commerce 10.35
11 22 Small Commerce 5.75
12 10 Office 6.9
13 10 Office 6.9
14 10 Office 6.9
15 11 Office 4.6
16 11 Office 5.75
17 11 Office 3.45
18 12 Office 1.15
19 12 Office 3.45
20 12 Office 1.15
21 13 Office 4.6
22 13 Office 3.45
23 13 Office 5.75
24 14 Office 10.35
25 14 Office 5.75
26 14 Office 6.9
27 24 Small Commerce 17.25
28 15 Office 6.9
29 15 Office 5.75
30 15 Office 3.45
31 23 Small Commerce 17.25
32 5 Small Commerce 13.8
33 10 Small Commerce 13.8
34 16 Office 3.45
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Load ID Bus Consumer Type Installed Power (kVA)
35 16 Office 10.35
36 17 Office 10.35
37 17 Office 10.35
38 17 Office 10.35
39 18 Office 4.6
40 18 Office 13.8
41 18 Office 13.8
42 19 Office 10.35
43 19 Office 3.45
44 19 Office 10.35

Table9.4 ¢ Data used in the DG units of Portuguese office microgrid case study.

Generator ID Bus Primary energy Maximum power (kW)
1 1 External supplier 206.59
2 5 Photovoltaic 7.5
3 10 Photovoltaic 15
4 11 Photovoltaic 7.5
5 12 Photovoltaic 3.75
6 13 Photovoltaic 3.75
7 14 Photovoltaic 7.5
8 15 Photovoltaic 7.5
9 16 Photovoltaic 7.5
10 17 Photovoltaic 15
11 18 Photovoltaic 15
12 19 Photovoltaic 7.5
13 20 Photovoltaic 3.75
14 21 Wind 2
15 22 Wwind 2
16 23 Wind 5
17 24 Wind 5
18 25 Wind 2

Table9.5 shows the energy resources data, regarding the information of price in euros per kWh
0 € k | 2 Kmaxirhuyh Bowerin kW. The consumers will pay to the aggregator for their
consumption an energyJNA OS  Sljdzr f G2 nodmp e€ekl12 KD

Table9.5 ¢ Power and Price for each energy resource typiePortuguese case study

Resource type Units Power (kW) | t NA OS o
DG PV 12 70.63 0.20
wind 5 22.5 0.12
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Externalsuppliers 1 206.59 0.10¢0.32
Energy Sale 1 100 0.08¢0.12
DR reduce 44 30.99 0.02
Charge 0.12
Storage - g 4 8
Discharge 0.18
Charge 0.14
EVs : 32 144
Discharge 0.19

9.3. Scenarios Structure

This section is related with the several scenarios developed for this case study. For this case
study were developed 5 scenarios, where the first scenario is the base scenario. This scenario
accommodates wind generators, photovoltaic (PV) modules, en&gyge units, and EVs, with
charge and discharge capacity located in car parks, which are integrated in the load consumption
buildings, for a time period of the 24 hours.

All the other scenarios are based on this base scenario with an additional chanige in
resources, e.g. remove the PV panels or considering the power consumption in the winter. This
scenario is for the year 2020, and its main purpose is to a reference for the results of the other
4 scenarios. All scenarios of this case study are preddrgtow:

Scenario X Base scenario;
Scenario Z;, winter;

Scenario % without DG;
Scenario 4 without EVs
Scenario & without DG and EVs

akrwbdpeE

The sampling period and tirdeorizon of all scenarios are 1 hour and 24 hours, respectively. The
aggregator will gecute a methodology to obtain the dahead optimal resource scheduling
(seeFigure9.5) for each scenario of this case study. The aggregator caplysthe required
demand through the DG units (PV or Wind), external supplier, DR programs (reduce) or EVs
discharge. This optimal resource scheduling is an optimization problem classified as Mixed
Integer Linear Programming (MILP).

The MILP is implementeth TOMLAHTOMLAB, 2016]which is an advanced optimization
toolbox for MATLABMATLAB, 2016using CPLEX solv&éhe case study has been tested in a
machine with one Intel® Xeon®ER0v2- 2.10 GHz processor, with 12 cores, 16GB of Random
AccesdMemory (RAM) and Windows 10 Education.

Sy

Figure9.5 ¢ Structure of the Dayahead schedule
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9.4. Results and Analysis

This section will present the results and analysis of each scenario of this case study. At the end,
scenarios comparison and final considerations will be also included.

9.4.1. Scenario & Base scenario

This scenario considefs DG units, 1 external supplier, 4 storage unit and 32 ENg, the
reduceDRprogram is considered (maximum reduction in each peisothb% of total load)-or

this scenario 1 (base), the deterministic technique obtained an optimal solution with a profit of

c®d®Tn € ALK |y SESO&mule26depitts theSenefyF schedbling resiil 02 y R4 @
from the energy resource scheduling model.

Figure9.6 ¢ Optimal resource scheduling for scenario 1 (base).

It can be seen the usad DR, storage discharge and vehicle discharge. This use will mean a
significant reduction in the use of external supplier. These resources are used in the periods
where the price of external supplier is highEigure9.7 depicts the percentage of each resource

in the optimal resource scheduling of scenario 1.

Figure9.7 ¢ Percentage of each resource in the schedulofgscenario 1 (base).

In the results presented iRigure9.7, the total power generation was divided in: 10.71% for the
DG, 79.19% for the external suppliers, 0.70% for the storage discharge, 3.11% for demand

September 2016 Pagel33of 188








































































































































































