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Abstract

Nello scenario dei paesi in via di sviluppo, ci sono ancora vaste aree che non hanno
il pieno dispiegamento di energia elettrica o, nel averlo, con bassa qualita del servizio. Per
discutere e analizzare le migliori soluzioni per queste aree, e stata geojpgzrogettazione
di modelli equivalenti dei sistemi di trasmissione nazionali del Brasile e della Colombia e la
modellizzazione delle micro reti considerando diverse fonti di energia. Attraverso
simulazioni che hanno valutato le aree propizie della reggionale e i diversi modelli per
le micro reti, sono stati eseguiti approcci distinti come l'incremento del carico, I'espansione
della rete di trasmissione e l'integrazione delle micro reti nella rete principale. Inoltre,
stato discusso un confronto decosti basato sullLCOE. | risultati hanno dimostrato
prospettive rilevanti per entrambi i modelli, differenziando in base alle dimensioni della
popolazione target, alla fonte rinnovabile disponibile, alla distanza dalla rete di trasmissione
e alla capata di investimento. E stata dimostrata la vulnerabilita su alcune aree periferiche
della rete brasiliana e colombiana con la quantificazione dell'incremento del carico massimo
dello 0,5% e del 4,18%, rispettivamente. L'inserimento della linea di trasnegsiain‘area
sovraccaricata ha migliorato la stabilita della zona studiata in tredici anni e l'integrazione
della micro griglia nelle aree di instabilita tecnica ha dimostrato benefici reciproci come il
miglioramento dei parametri tecnici della rete e nugopossibilita quali I'integrazione e la
partecipazione delle rinnovabili serviziancillari

10
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Abstract in English

In the scenario of developing countries, there are still vast areas that does not have
the full deployment of electrical eneygor, in having it, with low quality of service. In order
to discuss andnalyzethe best solutiondor those areasit wasproposed the design of
equivalent models bthe national transmission systems of Brazil and Colomahihthe
modelling of micro grigl considering different sources of ener@yiroughsimulationsthat
assessedhe propitious areas of the nationaletwork and the different models fomicro
grids distinct approaches such as load increment, transmission network expansion and the
integration of micro grids to the maimetwork were performed. Moreover, acost
comparisonbased on the LCOE was discuss€de outcomes, demonstrated relevant
perspectives for both models, differentiating according to the size of the targeted
population, renewablesource available, distance from the transmission network and
capability of investmentit was demonstratedhe vulnerability on some peripherical areas
in the Brazilian and Colombian network with tlg@antification of themaximum load
increment of 0.5% ah4.18%, respectivelfhe transmission line insertion in an overloaded
area improved the stability of the studied zone timrteen years and the micro grid
integration in technical instability areas demonstratadutual benefits such the
improvement of technical parameters of the network and new opsibilities such
NEYySglofSQa AyGSaANIrdA2y FyR., LINIGAOALI GAZ2Yy 2V
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1. Introduction

The modern world is powered by the electrical energy, most of the spheres of the
society are to this energy. Main social process as the learning, productive activities, family
life, business, communications, gpessible by the usage efectricity, and wthout it the
social gap increases. The importance to bring the energy service is based on thigyequa
principle, every person should have the same opportunities, anthese opportunities all
the society could move forward faster and better. Almost thetire population of
developed countries have access to electricity. While, developing countries have a good
portion of the people without electric energy. Inside developing countries, and even in
developed countries, the portion of the population whit lomaccess to the electric energy
is the one living in rural areas. The energization of rural areas on developing countries
presentsa social, economic and technical challenge that must be faced as soon as possible.

Energization of rural areas represent datienge since the geographical,
environmental, security, and many other variables disadvantage the installation of the
electrical systems used to energize the urban areas. The electrical systems nowadays are
based on generation at big scale, and then titesport of this energy to the consumption
locations. To bring paradigm of generation called centralized generation to rural areas of
developing countries, has important issues such as the high investment cost due to the long
distances to reach #se areas, difficulties on the infrastructure installment, social
problematics, and political issues.

It is important to mention on a large scale the political and social issues, because
they are as important, or even more important than the technical ones. Dpuaj
countries have a dramatic problem, most of its population is poor. The middle class on
developing countries is only a small group while most of the wealth belongs to few persons
and the major part of society has low income, low quality of life, f@wastunities in life,
etc. This problem produces cultural phenomena that delay or prevent the development of
projects such as the energization ones. Corruption, insecurity and low education level are
some of the problems present on the societies of develgpcountries thatould reduce
by the energization projects on these countries.

Taking a step to the side of this situation, energizing rural zones on developing
countries have technical issues. Developing countries concentrate the urban area in few
locaions over the country, leaving a vast terrain of rural zone. The distance is one
problematic because the investment price increases with the distance, distance also
increase the technical losses on the lines making more expensive the energy. Butealso, th
geographical and weather conditions complicate the situation. It is necessary to make
bigger investments given different kind of grounds, reliefs, hydrologic conditions, and

12
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extreme weather. Developing countries have low income compared with developed

countries, and more necessities to solve than them. This fact is the reason why the budget
must be executed carefully and the alternatives for energizing rural areas has to be
evaluated in detail.

Nowadays a new generation paradigm appeared, distributeceggion. This new
paradigm appears with the renewable energies, these new generation technologies allow
to generate energy from any location. Conventional energy generation optimizes the
generation creating big power plants capable to supply the load @mpetitive price.
| dZNNBy itezxz NBySégloftS SySNEHASAQ LINAOSa adl NI
grids, where the generation and transportation of the energy can be done at a lower scale,
became a possibility to energize rural areas.

Micro gridscan be competitive with the main network, because the high investment
necessary to expand the main grid to rural areas could be higher, equal or lower of the
micro grids depending the situation. The investment cost is one decision factor,
nevertheless, theuality of the energy, the security on the service and the energy price are
important factors to analyze. Because it is not only important to energize, but to provide a
good quality of service that brings opportunities to those zones.

This thesis preserg models and compares the two possibilities mentioned to
energize the rural areas on developing countries. The expansion of the main transmission
network until these areas or the installment of micro grids on those locatiisird option
is about the canection of existentmicro gridsto main network, evaluating the mutual
benefits that it could bring.

In order to achieve this objectiythe present work presents a modeling process for
both alternatives capable to evaluate the behavior of the main grid and the sizing of the
micro grid, attached to the cost associated to both solutions. With the purpose to expose a
complete and deep compaon, this work presents the study cases of Colombia and Brazil
to evaluate real data and obtain applied solutions based on the models developed.
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2. Hectricity history and Energizatipnocess

The history about the uses that man has given to energybeaas long as human
history. However, the history of electricityrecentand this is the subject the present text
will expose. Hereby this text wiltonsider some precedents about electricityf is
important to highlight howit has changethe useof this phenomenon andow human
beinghas been benefited from thesehangesin the firstplace,the first signsof the use
of electricityare from a long time agdoefore Christ(BC) Later, in the Bnaissance¢he
inventions such as theompass, encourage people to study magngélts and get into the
world ofenergy and electricity. At the time tfie Industrial Revolutiorthe study of
lightning and the invention of the Steam Engine influencesth&al and economic dynamics
of the world. Finally, th0th centuryshows progress ialectrificationand demonstrates
the influence of it on the ma®environment relationship.

The present investigation will take into account the events that have inmect
historyof humanity in relation to energy and addition, it will deepen in the specific case
of the rural areas of Colombia and Brazil, this will be analffredigh the application of
two forms of energization, which areiicro gridsand eyansionofthe transmission
network.

The first findings about electricity dates to 600BC, when the
philosopherMiletus seekso understand the reasowhy whenyou rubbedan amber
rod with wool, minimal jolts of electricity are obtained and if you continue rubbiag,
sparkarises.t is good to clarify that Thales did not come to understand electricity as having
any load however, heunderstood that it belonged to the object ntd propertiesof amber
or wool. Then, he experimemdwith minerals that havemagneticproperties and he
discoveredrom this thatmagnetite attracsiron.

It is important to mention that the finding df936, in Iraq, when we talk about the
use of energy in antiquityn this special case, a strange object was foundtome dating
from 248BC, that object was studied by the department of antiquities in &adj it was
concluded that insid¢éhere was a copper cylinder that at the same time lzaron
barinside it.In 1940, an archaeologisites that the objectvorksin the same way as a
modern battery and for this reason was given the name | 3 K R R Pehaps ths NB ¢ ¢
type of discovery is the proaiff the use ofelectricity more thantwo thousand years ago
and the confirmation of the uses efectricity in antiquity.

Another inventiorthat impact the historyjs the compassyhichaccording to some
academics, it wasreated in China in theixthcentury,but others believe that it was
created inMesoamericaand washe nativeswho used the compass or something simila

14
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by 1000BC.However, probably they did n&gnow how or whyit works, butthe interaction
with electromagnetic fieldsvas there.The purpose of this device is to point to the magnetic
south, which means, the geographic north. In China, they placed a enedth a tip
magnetizednagnetitestone,as previouslymentioned, Thalesused the same
stonefor their experiments He putiton top of water andvaited for it to point
north. Although this accuracy could fail becatlere was high tideso in the twelfh
century in Europethe Compasss modified as is knowtoday; a needle with a magnetic tip,

in equilibrium,on an axis in the center.

At first it was thought thathe needle pointed in that direction becausethe exact
north of the planet there waa largemagnetite rockhat had a magnetic field so strong
that it surrounded the entire planefrom these different myths emerged about what would
happen if someone approached thelike ships destroyed by the attraction of the great
rockamong other stoes.For the sixteenth century William Gilbert determined that the
earth behaved like a magnet oriented and that the compass would point to the north,
denying the theory of a large body with magnetic properties.

Later, in the seventeentbentury,progresshad been made ithe theory, but not in
the application of electricitysoWilliam Gilbert published his articl2e Magnetewhich
determines thatthere are two types of materialglectrical and norelectrical(today
known as conductors aridsulators) In addition, he studiedhe main basis of electrostatics
and magnetism in order to improve the accuracy of compasses for navigatorihe
eighteenth century with the Industrial Revolution also impacts the field of electric power,
with all the implicatios that a revolution can bring to the advance of a physical
phenomenon that began to take place within scientists, who increasingly knew manage
more electricity at your disposal with the rules that it has.

In 1729 Stephen Gray determines thatectricity can circulate through the
conductor as long as it is not in contact with the earth, so the following inventors take this
rule for apply it to theiinvestigations.

The first of them wa®ietervanMusschenbroekvho carried out an experimenhat
today is the basis ddlectrical capacitorghe Leyden bottleThisandmany other
inventionsculminated in the progress angesgiven toelectricity.One of them
the lightning conductoof Benjamin Frankliwho focushis studies on naturaglectrical
phenomenaandalso, included in its principle of electricity, the classification of two charges
positive and negative

By 1800 Alessandro/olta manages to conduct continuous electric current from his
battery. The first battery prototype withthe operation of those currently known with the
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use of Zinc and Copper disks separated by sheets of cardboard wetdbgctolyte, the

volt unit bears his nameén the samecentury, innumerable applications of electrical energy
arise.In the present text some that are relevant to the investigation will be taken into
account In 1819 Hans Christia®rsteddemonstrated the
relationshipbetweenmagnetism and electricity and he was the first person to suggest
electromagnetism.

Three years lateAndréMarie Amperewho is recognized for his studies of
electromagnetism  suppor@rsted'sthesisandcreatesthe laws that determine
the deflection of a magnetic needle according to the application of an electric cuilrent
1825 William Stugeon creates the first electromagnegol of 200 grams that could lift 4
Kg of ironthis could be regulateddowever, not al Scientifics contributed with specific
inventions, there are those whoontributed withtheories related to
thisphenomenon.Some of them areGeorgSimonOhm who, in1827, obtained the
formula for the relation between voltage V applied toresistance R and the current
intensity l.Johann Carl Friedrich Gauss brimgghe studyfield electrostaticss and of
gravity where itrelates the electric charge q covered by a volume V with the electric field
flow E on the surface S that moderates the volume V.

Likewise the contributions ofMichael Faradaywho is known for theheory
of electromagnetiégnductionthat has been crucial in thereation of generators and electric
motors, should be highlightedin addition, he formulated twdaws that dictate:

- The mass of substance released in an electrolysis is directly proportional to
the amount of electricity that has passed through the electrolyte [mass = electrochemical
equivalent, by intensity and by time (m = c I t)].

- The masses of different substanedeasedsfor the same amount of
electricity are directly proportionala their equivalent weightswith his research, a
fundamental step in the development of electricity was made by establishing that
magnetism produces electricity through movement.

Samuel Morsehe made thdirst public demonstration of his new inventiom
1833;the telegraph adevice capable of sending and receiving electrical signals for the
purpose oftranscribing coded textdn addition, the alphabet used by the telegraph was
created by him. In 1837 the innovative device waontestthat gaveit a considerable
amount of money tanake the first line from Washington to Baltimo@nMay 24,
1844Samuel Morse senlis first coded message saying "What Kasdbroughtus?"

At the beginning ofthe second half of the nineteenth century James Cleaxwell
contributes to the studies of Faraday formulating the mathematical relationships between
the electric and magnetic fields that we now call Maxwell's equations. These formulas
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represent the laws thaframe the study oelectricity and magnetisnHis diverse
investigations contributed to the creation of the wireless telegraph and the radie.first
three quarters of the nineteenth century adestinguished by the theoretical contributions

of those who weregesponsiblor preparingthe framework for future engineers and
technicians in electricity who found the applicability of theories in projects that give the
importance to electricity, in the future social dynamics.

The ScottislAmerican Alexander Graham Belirgued with other researchers the
invention of phone and got the official patent in the United States tt876. Similar
devices had previously been developed by other researchers, among whom he
highlighted Antonio Meucci (1871), who filed unsuccessful lawsuits with Bell until his
death, and to whom the priority in the invention is currently recognizgell made a
decisive contribution to the development of telecommunications through his commercial
company @BellTelephoneCompany, 1877, later AT&T). He also founded in the city
of Washington the Volta Laboratory where, together with its partners, hiavented an
apparatus that transmitted sounds by means of light rays (fletophonein 1880);also
developed the first cylinder of wax to record (1886) which laid the foundations of
the Gramophone

On the other handThomas Alva Edisonle has been considered the greatest
inventor of all time Although he is credited with the invention ifcandescent lamphis
intervention has rather the improvement of previous modeteinrichGobel, German
watchmaker, had manufactured functional lamps three decades eaifidi¥on achieved,
after many attempts, afilament that reached the incandescence without melting: it was
not metal, but of bamboo carbonizedTheOctober 21of 1879 got his first light bulb to
shine for 48 uninterrupted hours, with 1l@dmensper watt.

The first Incandescent lampwith a carbonized cotton filament built by Edison was
presented, very successfully, in theirst Electricity Exhibition of Har(1881) as a
complete installation of electric DC lighting, a system that was immediately adopted in
both Europelike inUnited StatesIn 1882 he developed and installed the first grgadwer
plant of the world in New YorkHowever, later, his usefalirect current was displaced by
the alternating current system developed hykolaTeslaand George Westinghouse

The American inventor and industrialist, contemporary to those previously
named, George Westinghouse (18461914) was initially interested in
the railways (automatic air brake, railway signal system, cnogsieedle). Subsequently,
with the help ofNikolasTesla, halevoted his researcto electricity, being the main
responsibldor the adoption of thealternating current{AC)for the supply of electric power
in the United States.
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Westinghouse bought the Croatian scientiblikolaTesla the patent for the
production and transport of alternating current, which he promoted and developater
he perfected the transformer, developed aalternator and adapted for its practical use
the AC motorinvented by Tesldn 1886 founded the electric companyestinghouse
Electric &anufacturingCompany, which in the first years had the decisive collaboration
of Tesla, with whom it managed to develop the necessary techgdioglevelop a AC
supply systemWestinghouse also developed a system fimansport natural gas and
throughout his life he obtained more than 400 patents, many of them fatt@rnating
current. Tesla is known for its immense c¢adhbutions to electric power, so som& his
discoverieswith this are: theory rotating fields, base ideatlbé generators, first transmitter
radius and propose alternating current in exchange for the continuous one proposed by
Edison.

For the twentiethcentury electricity becomes a competition between nations, more
specifically and with the growth of capitalism, companies play an important role as entities
that constantly take energy to another levéhithe case of electricitythey began
sincethe endof lastcenturyto salea large scalef newequipmentto society in developed
countriesbringing better life qualitydemandproduced increment in production, and this
increases the cost efficiency making profitable to enhance the electric products.

The urbanism of the 20th century allowed the growth ofegacities with clear
differences between neighborhoods of rich and poor, and with horizontal kilometric
displacements and dozens of vertical plants (8le/scraper. Some examples of using
electricity in mega works ameflectedfor example, irthe London subwayFor the
twentieth century electricity was ‘domesticated’, homes began to be filleth appliances,
light bulbs anctables thatransportelectricity and it is thayou cannot deny its importance
in any homeToconserve foodandfor heating in winter time, among other functisnThe
distribution of this servicés at the head of each State and today there are great differences
in access to electricity between rich and poor countries.

To this day, figures from theorld economy claim that 88%f the world
populationhas access to the electricity gritHowever, its commercialization depends
largely on private companies that propose high tariffs and hinder the supply in rural
areas.In Colombia andccording to DANBNational Department of Statistics) the
national surveyof quality of life by2017,99.5% of Colombian households haxtess to
electricity, there isanational electrification plan, which seeks to reach 100% of electrified
homes, a plan that is supported by the world bank and that accoitdirige mines and
energy ministry Thatis auniversalpriority to electricityaccess.
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In Brazil, through the decree 4.873 in November 2003, it was instituteil #tienal
Program for Universalization of Access and Use of Enéhgymain target was related to
rural areas. In that period, the estimation was that around 2 millions of households were
not served by any electrical energy service. The idea of the Program was promote the
development and social inclusiam distant andpoor areas.

Moreover,in terms of human rightdhe UN,hasrecognizedcultural and sociahnd
economicgightsas fundamentalas theydependuponlife itself. Howeverthey are not
alone.Food, housing and education are,
accordingo the ParaguayamewspaperABCColor, electricityis "thesupport of basic
rights such as adequate food, health, decent housing and educatipn

Supported on the above have been proposals in different countries for the
recognition of an energy network as a humaght, in 2015 the case was in Argentithe
ASADESA((gentine Association of Renewable Energy and Environment) released a
statement inwhich sought tgoosition toelectricityasa human righttherefore you cannot
exclude a part of the population, from ASADES citesBased orthe application of non
parametric correlation tests (Kendall's thiuandSpearman’sho), a very strong association
was found between the indicators of exclusion of basic rights and energy exclusion at the
Departments' level. Salta, exposing their connattas aspects of the same phenomenon
and contributing elements to conceive energy planning from an inclusive framework.
G6aSsS$idih ytBe -casefMexico, it was the CONURationalCoordinator
UsersResistanceyhichlastOctober 10searcled for recognitionof electric power as a
right throughthe Chamber of Deputieé\s stated abovehere are several countries in Latin
America that advocate giving electricity the recognition it needs to be vital to develop any
activity that promotes the deslopment of human capabilities.

2.1.Centralizedsrid Management

The centralizedgrid managementmodel is the most deployed after the
consolidation of the power systems worldwid@he traditional power systems are
composed by the generation, transmission and distributiorking in synchronism
according to the operation planned, permitted the condation of a reliable and solid
model, which requires huge investments but provide the reliability and security necessary.
The generation systems were established generally closer to the main primary sources or in
a strategic location. The transmission systems have the role to transfer the energy produced
in the generation centers to the main loads. The transmission lieashrthe primary
substations, in which the voltage is reduced. Finally, the consumers receive the energy
through the distribution systems.
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In order to transmit the energy with lower current and consequently lower power
losses, particularly for long distees transmissions, steyp transformers are used to
increase the voltage for generators connected to the transmission lines. On the other side,
reaching the load hubs, the voltage is reduced through the-g®pn transformers.
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Figure.l. Structure of the Electric Systems

The operation of these big systems requires different terms in planning procedures.
Varying from very longerm planning, where considers projection of load for scenarios in
the far horizon of 20 or 30 yesyrto short terms which the operation of the next week must
be planned. This means that, further than just costs to build new assets in order to generate
and transmit energy, it is necessary to invest on studresgarches, aconsolidate
transmission sysim operator (TSO) in order to coordinate and plan new infrastructure.

Another important characteristic of the centralizeghid managementis the
possibility of building colossal projects in order to generate energy in places with high
potential of prodution, a big hydro for instance, and transfer the energy produced directly
to the center of the load. Projects that costs considerably, but as it is done for large scale,
the final price of the energy reduces substantially comparing to projects of a datieatt
dispatching.

Following this idea was the way that the centralized power system was developed.
The main important pointss the main location of the load and the locations of the
generation. The more concentrated is the load, big cities for exantipdeeasier to provide
the energy than reach scattered logds terms of transmission costs
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2.1.1. Transmission Lines

The transmission lines are the backbone of the power systems. As it has been
developed to transfer the power from the big production hubsthe main loads of the
country, it is possible to infer about the transmission lines location of a country based on
where is located the major part of its population.

In Figure2 it is depicted the Brazilian and Colombian populatomcentrationand
the development of the transmission and distribution are mainly on those areas. At the
sametime, it is possible to see that still many people living outside these zones of
concentrated load, but sometimes the amount of investment necessary to reach these
remote areassunpractical.

b O S i S

Figure.2. Population density in Colombia and Brazil.

Therefore, different solutions must be proposed, from the traditional and high
expenditure transmission lines to the new alternatives, perhaps using the local natural
resources available. Transmission lines will always be a trustful and secure solutigimgor
stability for the system and security of supply. Nevertheless, more than the huge costs of
investments, it needs to pass through environmental obstacles such physical as native
forest or bureaucratic, such as license issues.

2.2.Decentralizedsrid Mamagement

The decentralized dispatching paradigm was present at the beginning of the
electrical systems when the energy generation was a privilege for the wealthy people. The
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generation was produced in the places where it was consumed, as the energat@mer
became a business, the energy power plant started to increase the size and to look for
better efficiency. The centralized system is more robust and secure, but the decentralized
system comes again to be the optimal option for zones where build theraleed
infrastructure is too expensive or where the quality of the energy is not the one desired.

The micro grids are, as the name says, scaled versions of the main electrical grid.
There are generation sources, transportation of the energy geneiatedinally the energy
supply loads. The difference with the main grid is the size of the system. Micro grids are
used to supply small loads, the advantage of them are the low losses and the low cost for
disperse population. Since the generation is orcgldhe transportation losses are reduced
and, the investment cost for communities or applications where the load does not justify
the investment cost of transmission lines is comparatively speaking low. Local scale power
systems come as a solution to egeae zones where the main transmission grid is absent,
and where it is too expensive or is not feasible to bring it.

Developngcountries are using the micro grid to bring energy to those locations. The
apparition of micro grids is associated with thepiementation of renewable sources.
Conventional energy sourgégtoo expensive when the row material, the transportation of
it and the generation equipment is totalized. The renewable energy sources make possible
to generate energy on the places withoutitging there any raw material. With these new
technologies even when the investment cost is higher than the conventional generators,
the longterm cost of the micro grids powered by renewable energy sources is cheaper.

Renewable energy sources are thoskieh generate electricity based on natural
resources that are unlimited or can be regenerated in the medium term. Some examples of
these technologies are the solar, the wind, the hydro, the biomass, the geothermal, etc.
Those technologies use resourcestthast of the time are free, so the cost associated to
them are related to the investment cost and the operation and management éogither
advantageis that the contamination in modern world has reached dangerous levels, and
renewable energies comes a alternative to produce clean energy that allows the
continuity of the modern life without deteriorating the environment more.

The renewable energy source® not allow the micro grids to be economically
feasible only. Renewable energy sourtessdto the distributed generation paradigm. With
small scale generators is possible to generate energy from any place where the natural
resource is available. Sun and wind are resources available everywhere, so now it is possible
to generate energy from the roa#f any house or vacant lot. Distributed generation also
reduces transmission and distribution losses since the energy is consumed where it is
generated[34].
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2.2.1. Micro grids

The micro grids are systems that implements generation, storage and consumption
on place. They reduce the transmission losses and improve the efficiency in the energy use.
They can be located in a not interconnected zone or can be connected to the main grid.
When the micro grids are connected to the main grid, the management of itsirese can
provide improvements to the main electric system. The micro grids are compound by the
following components:

Low voltage distribution grid

Local communication infrastructure

Hierarchical control system

Energy storage system

Smart devices to knothe state of the micro grid and control it

= =4 4 -4

When a micro grid works isolated, the system should be able to manage the
resources in order to supply the load. For example, PV systems can generate energy during
the day only. During the night, the loadust be supplied by the storage system with the
energy generated in the day. The natural resources used in micro grids cannot be easily
stored as gas, coal, etc. The energy production with renewable energies is performed when
the resource is available. Thegailability of the resource and the need of the energy can be
shifted in time, for this reason the presence of energy storage is necessary.

The investment cost of the micro grids is high and usually is used for low income
communities. Because of thidig dimensioning of the micro grids must be as accurate as
possible. In order to better dimension the micro grid, the forecast of the resources available
plays an important role. The knowledge of the load profile also is very important. With the
data of thegeneration and the load, it is possible to size better the storage system which is
one of the most expensive components of the sys{85].
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3. Transmission System$1odelling

3.1. Transmission Systems

The transmission systems around the world work maaryhighvoltage or extra
high-voltage, threephase alternating current. Nowadays, with the development of the
Power Electronics, higioltage direct current (HVDC) is being deployed in strategic
projects. Advantages such as the limitless distance forstrassion, fast control regarding
the power flow and consequently the stability improvement of the grid [2] bring the direct
current role on the transmission systems to a higher baseline. Another important
characteristic regards the installation of the tsanission lines that can be overhead or
underground installation. The underground installation promotes a better visual impact and
lower maintenance costs, however with a considerable higher installation cost if compared
to the overhead lines. The instaliah cost of an underground line can vary from 4 to 14
times of the overhead line costs [3] and therefore one determinant reason for the majority
usage of overhead transmission linparticularlyon developing countries

The voltage level deployed inéhtransmission system depends on studies that
consider the distances covered, and possible losses. Each country determines its voltage
levels for highvoltage (HV) and extra higloltage (EHV) according to the geographical and
topological aspects of the tianal grid. The characteristics of the topology of the
transmission system is mainly a meshed structure. It is desirable in order to provide
alternative paths for the power that is being transferred and have contingency in case of
punctual problems in onef the transmission lines. It is essential to guarantee the reliability
of the system. In the transmission planning studies, a principle caltle@hteria states that
if a component of the transmission system fails in a network operating at the maximum
forecast levels of transmission and supply, the network security must still be guaranteed
[4]. Regarding this statement that is adopted worldwide in the transmission planning, the
meshed transmission grid is indispensable for a reliable network. For thesaaf sub
transmission systems, which regards lower voltages and not essential transmission lines,
the topology can have partially meshed structure. In the case of distribution system
topologies is more related to a radial structure.

3.2.Transmission Lirféarameters

The transmission line parameters are named as series resistance, series inductance,
shunt capacitance and shunt conductance. Series resistance is related with the Joule effect
and therefore the ohmic line losses. The series resistance and the induciivtamee are
related to the seriesvoltage drops along the line and the shunt capacitance give rises to
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seriesvoltage drops along the line. Lastly, the shunt conductance is related with the line
losses due to leakage currents among conductors or amongucbmig andthe ground [5].

Considering the overhead transmission lines, the conductors are on the major part
made of Aluminum material. It has some advantages if compared with the Copper
conductors, such as the lower cost and the weight, consideriag) tthe density of the
Aluminum (2.70g/cm?®) is much lower than the Copper (8.96 gRmA conductor that is
widely used [5] is the Aluminum Conductor StBelinforced (ACSR), which is composed of
a core of steel strands surrounded of Aluminum strands addddyers format as can be
seen in the Figur8. This stranded conductor form makes it easier to handle, providing a
more flexible structure. Another important characteristic regards to the insulating. In order
to allow the heat dissipation, these condoc$ have no insulating cover.

e

Figure.3. Typical ACSR conductor [5].

Other components that take part of the transmission lines are the insulators,
support structures and shield wires. The first is used in high voltage lines in order to sustain
the lines. It is commonly a string of discs made of insulation material suclass @
porcelain, varying the design and material according to the voltage level. The second
consists on the transmission towers that can vary according to the voltage and desired
insulation level, height and width. The third is related to the lightnirgigxtion of the lines
and consists of a wire that is placed above the conductors in order to flow the lightning
eventually strikes to the ground, through the tower grounding considering the shield wires
are grounded to the towers.

3.2.1. Resistance

There aresome factors of the conductor that influences in the resistance value,
among them: Dimension, temperature, frequency and current magnitude. Therefore, the
resistance value varies between the dc and ac scenario. The dc resistance is given by
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Where, the” is the conductor resistivity at temperaturedis the conductor length
ando the conductor crossectional area.
Regarding the ac scenario, the resistance value can be given by

U
@

Where, thed is the conductor real power loss@ is the square of the rms
current that passes through the conductor.

3.2.2. Inductance

In order to determine the inductance of a conductor it is necessary to consider the
internal, external and total inductancef @. Assuming a most practical scenario with a
three-phase system, unequal space separating them and bundled conductors, which means
more than one conductor per phase in order to reduce the series reactance and electric
field strength, the inductance inn@ phase is given by

(@]
: cCpnd‘aO—"OTd

Where,
O O OO0 «a
O ,0 andO are the distances between positions of the conductd®. is the
geometric mean radius (GMR) of a specific conductor (value provided by the conductor

manufacturer), but in case of bundled conductors it is replaced for an equivalent one. For
instance, a tweconductor bundled can be given by:

0 0Qa

Where, O is the GMR provided in the catalogue of the conductor@mithe bundle
space between the conductors of the same phase.

3.2.3. Capacitance
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In order to determine the capacitance of a conductor it is necessary to consider the
electric field of a niformly charged conductor and the voltage between two points outside
the conductor [5]. Assuming again the most practical scenario with a {pinese system,
unequal space separating them and bundled conductors, the capacitance in one phase is

given by
¢* N
o ET
Where,
(@) O 0 0 «a

O , 0 andO are the distances between positions of the conduct®s. is the outside
radius () of a specific conductor (value provided by the manufacturer ofcreductor),

but in case of bundled conductors it is replaced for an equivalent one. For instance; a two
conductor bundled can be given by:

o W

Where,r is the outside radius anf@is the bundle space between the conductors of
the same phase.

3.3.Transmission Line Representation

¢tKS UGN}XyavYArAaairzy ftAySa Oy 06S 0O2Yyzyfeée NI
which consist in theoretical derivation of a twmrt network, in which the electrical wave
passes throught. This equivalent model can yaaccording to the length of the line,
adopting the complete model in case of long lines (longer than 200 km) and a simplified
model for medium and short lengths (from 40 up to 200 km) [7].

' R2LIGAY 3T GKS &AAYLIE AFASR Y2dRé@vhin themguréd KS - S
4 the representation of the ideal transformer and the transmission line.
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Figure.4. Representation for transformer and transmission line [8].

The series admittance of the line is given by:

Wherei is the series resistance ana the series reactancd he total charge
susceptance is given Ioy. In the Figurel, it is represented the transformer, whose tap
NFGA2 A& IABSY o6& _ ¥R .UKS LKFIaS akKATd |y3af

3.4.Bus Admittance Matrix

It is possible to represent the impedances referred to the lines that connect the
buses in the grid through an adr@hce matrix, depicting the whole grid branches
characteristics. Furthermore, with the bus admittance matrix (cakbed), it is possible to
easily correlate it with the buses voltage and injected current that flows from one bus to
another. The equatin that relates it:

LOREARN
Where,® is the bus admittance matrix considering the size of N&Ns the
voltage column matrix with N bus voltages af$ related to the N current sources. The

admittance matrixd  is built consideng the diagonal and nediagonal elements. For the
diagonal elements it is the sum of the admittances connected to the,lassit is given:
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ConsideringP as the number of branches connected to the buend the w the
admittance connected between the buand the ground.

For nondiagonal elements it is negative value of the sum of the admittances that
are connected between the busndj.

The bus admittance matrid is a matrix composed of complex numbers and can
be disjoined in the real part of the admittance, which is the conductaiixand the
imaginary part, which is the susceptance

A "O "Q6S
3.5.Power Flow

Assuming a thre@hase balanced system steady state operation, in order to
determine the voltage magnitude and phase angle in the buses that compose the network,
it is performed a power flow algorithm. Through the algorithm, it is obtained the real and
reactive power transferred between nodesidh the losses in transmission lines and
transformers as well.

The input data of the algorithm consists in the bus data, in which a classification of
each bus is done according to the bus type. There are three types of bus: Slack bus, load bus
and voltagecontrolled bus. The first type is named slack bus, is a reference bus for which
the voltage magnitude is set to 1.0 per unit and the phase arigleo zero degrees. The
load bus has the input data the raaland reactive poweb , normally the represent load
buses. The Voltageontrolled bus has the input data the bus real power and the bus voltage
magnitude. The tablesummarizes the input and output data that is obtained for each type
of bus through the power flow algorithm.

Bus Type Input data Output data
Slack bus w and 0 and 0
Load bus (PQ bus) 0 and 0 o and
Voltage-controlled bus | & and 0 1 and 0
(PV bus)

Table. I. Bus classification.
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Considering theequation that relates the bus admittance matrix and
assuming the bus j, theth equation is given by :

Wherel represensthe N vector of current injected in each bitepresents the N
voltages in each bus. The complex powenazkd to the bug is given by:

z

Considering the bus admittance can be disjoined as already demonstrated and
working with the phasor notation:

Applying the identity oEulerand separating the real and the imaginary parts, the
real and reactive power flowing from theh bus:

0 o wo A0 — @ o 0OAT10 | 6 OBT

0 ® owoogl — @ ® 00fl 6 AT90 1

Foril M I XX 1bi®the pkéSd\dBgle of the bjiand] is the phase angle of
the busk.

3.5.1. The NewtorRaphson method

In the power flow studies, in ordéo solve the noHinear system of equations there
are several proposed methods, such as G&esdel and the Fafdecoupled Power Flow
method. In this work it is adopted the NewtdRaphson method due to its ample
acceptance and main usage in traditionawer flow software such as MATPOWER.
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Furthermore, there are some technical advantages of using the NefRaphson method

in computational programs, for instance the number of iterations required to reach the
convergence is independent of the number of bsisevhich facilitates computational
algorithms.

Defining the vectorx composed of phase angles and voltage magnitudes of the
busesy composed of real and reactive power of the buses #rthe function that relate
them, excepting the slack bus, whiclaleeady known.

]
W ,
W
) and Qw

As the treated functions are neimear, the iterative method to findvis based on
Taylor series expansion f§k) with a determined operating point. Neglecting higher order
terms, the NewtorRRaphson method consists in the substitution in the function of the new
obtained value ok, for instancex(i), in order to get the newest valugi+1) It is given by:

©Qp ®0Q L Qo Q0

Where, the element€ Q is the Jacobian matrix, that is composed of partial
derivatives.

Considering the real and reactive power equations obtaibefibre, applied to the
partial derivatives with respect to the phase angle and voltage magnitude in the buses,
which consist in thdacobian matrix that is given by the Figbre

J1 J2
P, . P P, . P
98, By IV, AVy
Py By | Py Ry
98, a8y AV, IVy

J =

00 |
98, ISy IV, IVy
dAQy  dQy Qv  JQy
| 35, I8y AV, IVy_

J3 J4

Figure.5. Jacobian Matrix form [5].
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The Jacobian matrix is divided in four parts, relating real power and reactive power
to phase angle and voltage magnitude. The outcome froendérivations applied to the
power equations can be divided between the elements whgre'Q

O -
wp T ww w OF!1 —
' 1o D AT10
0 o ww 10 1 —
, 1o
vo 'F w wAl10 ] —

, 1o o OB

And the elements wher@® Q|

, 1o s
w H— w wwOoOgl I —
10
g . W w e+ WwwAlJO I —
10 W e
(Vo) T_ W WwwAljO ] —
3’ Tfj ,ny"Q-é © 'OE]T <.|
ut o W i W w —

Forj,kI' HNE X Z

The iteration method can be divided in steps:
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|
wQ’
power equations and obtain the difference with the already known real and reactive power
in order to get the power mismatches.

Step 1: Starting with theth iteration for the vectorw "Q substitutew Qin the

5 60

YO Q
YO Q

C Ca
C C2

Step 2: Compute the Jacobian matrix, through the equations presdrdtue.

Step 3: With the Jacobian matrix obtained in the previous step it is possible to find the phase
angle and voltage magnitude mismatches.

PQ XY Q Y0
0'Q o Q Vo0 "

(¢

0
®wQ wQ

<

1T Qp 10
Q p

The procedure is initiated with a start value fgrfor instancex(0). It is repeated
continuously until it reaches the convergenceterion or until a specified maximum
number of iterations is reached.
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4. Micro grid¢ Modeling

The tool used to performthe hybrid micro grid simulation is developed by
energy4growing group in the University of Politecnico di Milano. This hgbridlation is
an extension of the existing software in order to add a secondary generation source to the
PUVBESS systems dimensioned néwst it is going to be explained what was the state of
the software before developing this approach and then, thelengentation proposed for
hybrid systems.

PoliNRG was developed to size a micro grid composed by photovoltaic energy as the
generation source and batteries as the storage sysRAABESS The tool is able to solve
the problem using the fast space reductialgorithm and the imperialistic algorithm. This
last one is the algorithm used to solve the hybrid system problem with a secondary
generation source RBESSS.

4.1. Input chart and parameters

The algorithm works using eight structures of data. Each one ohtbentains
variables with information relative to one scope to solve the optimization probeeven
of them already existed for solving the B¥SS, the eighth structure was created for the
secondary source and four of the other seven were modified ineord have the
information necessary to solve the BESSS problem.

4.1.1. Battery

The battery model implemented has the characteristics shamvirigure.6. The
technology used is Lithium ion becauseiiesentsa good behavior on applications with
high variality in the charging and discharging cycles. The efficiency is one of the highest in
the market, it has a long lifetime, and it is possible to find them in the market on the study
cases countries. The parameters as thiecefncy, maximum of cycleand powver to energy
ratio are normal values found in the batteries on the market.
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Baterry (B)
Tech String Li-ion
Model String Euristic
Model_Efficiency String Constant
Model_degradation String Not considered
CH_eff Double 0,85
Dis_eff Double 0,9
minSOC Double 0,4
SOC_start Double 1
Max_y_repl Int 5
PE_ratio Double 0,5
cost_coef a Double 200
cost_coef b Double 0
capcellAh Double Inf
nomV Double Inf
Cycle_max Int 8000
SOH_min Double 0,8
Figure.6. Algorithm battery input.
l. Photovoltaics

The photovoltaic model implementdths the characteristicshown in FigureZ. The
balance of solasystem includes the components that control the DC energy side; these
components have an efficiency that reduces the energy generated by the PV fmah8?%.

The array also can reduce the energy generated by the PV system. The cost has a
commercial valueffered in the market pekW installed.

Photovoltaic (PV)
BOS Double 0,85
Coeff n_ PV Double 0,02
cost Double 1200

Figure.7. Algorithm photovoltaic input- Radiation

The radiation model implemented has the characteristics showhigure.8. The
radiation an input necessary to calculate theergy generated by the PV array. The yearly
profile is an array of n values of the radiance in the installation zone, where n is the number
of point depending on the time step. For the simulation performed, the time step was
GYAydzi Saé¢ &2 wksSn ayevids@NF0® Fhe narhe/data points to the file
with the radiation data, this data can be obtained from a mathematical model or real data
measured in the zone. The profile_VU uses the yearly profile to generate the radiation for
the number of yars that last the simulation. This simulation evaluates 20 years.
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Radiation (RAD)
Yearly profile Double array t step
NameData String solarProfile.mat
Profile_VU Double matrix t step X years

Figure.8. Algorithm radiation input.

Il. Load curve

The load curve model has the characteristics showhigure.9. The load curve is
obtainedwith the program badProGen, where there are many possibilities to build realistic
load curves and then import them into PoliNRG. The name data points to the importing file.
The profile type gives the option of projecting a year in time with constant growth in the
load, orto use a profile for the simulation time fully generated by LoadProGen.

Load Curve (LC)
YearlyProfile Double matrix n_profiles X t_step
NameData String loadProfile.mat
ProfileType String Single Year

Figure.9. Algorithm load curve input.

The inverter model has the characteristics showfigure.10. For this class is only
necessary to set the effiarey of the inverter and the cost per Kw installed.

Inverter (INV)
eff Double 0,9
cost Double 300

Figure.10. Algorithm inverter input.

4.2. Output description

The algorithm throws one structure with nine objects. The objects contain the global
variables that concerns to the gmization of the problem. They are broken down below.

4.2.1. Results

The results object has information of the algorithm optimum points. PéBESS
simulations the size of the results objecbigb, where N is the number of iteration that the
algorithm took to fulfill condition to stop. The variables are showirigure.11 and the
fields are the following:

1 PV size: The nominal power of the photovoltaic array in the optimum point.
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i Battery size: The nominal capacity of the battery storage system in the optimum
point.

1 Net Present Cost: The minimum NPC found in the simulation.

Loss of load probability: The LibRhe optimum point.

1 Levelized cost of energy: TheoEds the price per kW, of the optimum point.

==

-
{E)

PV size
present
cost

Figure.11 Algorithm- ecoﬁomic input.

4.2.2. NPC

The NPC matrix is a matrixtbfee dimensions where one of them is the PV research
space, the second one is the BESS capacity research spdcke third one is the numér
of scenarios implemented andEah point represents one PBES$&ombination, and the
value stored in the matrix is theET PRESENT C@®8Tthe combination that reprsents
the point evaluated.

4.23. LLP

The LLP matrix is a matrixtbfee dimensions where one of them is the PV research
space, the second one is the BESS capacity research apddee third one is the number
of scanarios implementedEah point represents om PVBES$ombination, and the value
stored in the matrix is theOSS OF LOAD PROBABIbiTiie combination that represents
the point evaluated.

4.2.4. LCoE

The NPC matrix is a matrixtbfee dimensions where one of them is the PV research
space, the second enis the BESS capacity research spaugthe third one is the numér
of scenarios implemented andeach point represents one/fBES®ombination, and the
value stored in the matrix is theEVELIZED COST OF ENHERGIYe combination that
represents the pint evaluated.
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4.2.5. Skyscraper

The skyscraper is a matrix of the same dimension and the same representation of
the last three matrixes mentioned and the objective of this one is to have an identifier of
which combinations have been already tested. For thisoeaall the fields start in zero and
the code sum one unity each time to the point. The code uses this to search around the
point that has been already simulated.

4.2.6. Additional outputs

There are other matrixes output such as the Warnings whered@splayed the
advertisings in the code. The evaluation time that took the code to perform the simulation.
The convergence array shows the algorithm convergence that displays 1 of the algorithm
has converge and 0 if the convergence criteria is not enough.

4.3. Imperialistic algorithm for hybrid system

For the simulation, the flow of the information is shown in thigure. 2. There is
shown the input data presented above, the algorithm iteration performed over the
generation profile feeding the loads, and the BESS as storage or supplier depending the
situation. Then there is a convergence criteria that decides if the evalupédormed by
the algorithm is good enough or if it is necessaritd¢oate another time. The algorithm will
be explained in detail with the hybrid problem modifications so the flux of the information
is well explained. Here is the presentation of the aifpon used for both designs (FBESS
and PVBESSS) in general.

It is important to mention that there are two important changes from this flow chart
to the one presented for hybrid algorithms. One is that the generation profile involves a
secondary soues, so before comparing the PV generation with the load, there must be
added the generation of the PV array with the secondary source generation. The second is
that the algorithm convergence criteria for BBESS is set with the change in the size of
photovdtaic generation and storage size. For hybrid systems, the variation of the axes is big
as it will be shown in the next chapter. Because of this, there is necessary to stablish a new
convergence criteria based on the net present cost, which is the obgedaifvthe
optimization problem.
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Figure.12. Flowchart of the imperialist algorithm for PABESS micro grid7].
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5. Optimal micro grid design for hybrid systems in PoliNRG

The approach proposed for micro grids in developing coustiigcludes two
generation sources. The problem increases the research space proposed previously by the
tool PoliNRG in one more dimension. Tihigee-dimensionalproblem is complex to solve
since there are many variables involved and the computational torf;nd the optimum is
not appropriate for design purposes. For this reason, the micro grid design is done with an
iterative algorithm capable to find the size of the system with a net present value close to
the global minimum.

In order to test thealgoiithm, there are going to be used two generation sources
available in many development countries, wind and hydro generation. These generation
sources are commonly used in nowadays systems and the generation resource is available
in all the territory of thestudy cases that will be presentethe parameters, changes in the
algorithm, validation of the algorithm and the presentation of the two generation models
are presented on this chapter.

5.1.Input parameters for hybrid systems

The hybrid systenmvolves a new structure of data and some modifications on the
existing input structures. The input parameters added for the hybrid simulation are
presented below.

l. Secondary source

The secondary source model has the characteristics shown in Fit8irelhe
secondary source is supposed to handle the information of any source available on the zone
where the micro grid is going to be implemented. Nevertheless, given the variability of the
different possible sources it is necessary to identify the generatiamcsoin order to
implement different procedures inside the code, as it will be explained more in detail
forward. For this reason, the source field implements a character that identifies the
different sources.

The profile of the secondary source is a matused to calculate the energy
generated by the source each minute of the 20 years of simulation given a nominal value
for the source generator. This profile can be a multiplier factor as in wind energy source or
the generation capacity of the river whetige hydro generator is going to be installed. The
structure and the use of the secondary source profile is going to be explained on the next
section. The cost is the price gaiVin the literature or the market.
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Secondary Source (SS)
Profile_SS Double matrix t step X years
Source String h,w
cost Double 3500

Figure.13. Algorithm secondary source input.

Il. Simulation parameters

The parameters model has the characteristics showRigure. 4, it is an existing
class with modifications for the hybrid systerhis has the information to build the
NBEaSkNOK aLl oS 2F GKS t+2 .9{{ YR KS {{ Ayl
to activate the code that simulates the hybrid system, the value must be one. There are
parameters to limit the simulation as the maximum number of profiles, theetstep, the
Rs parameter that limits the combinations for generation and the number of scenarios.

Parameters (PAR)
min_PV Int 0
n_PV Int 3000
step_PV Int 1
min_B Int 0
n_B Int 3000
step B Int 1
min_SS Int 0
n_SS Int 30
step_SS Int 15,25,50,100
SS Int 1
num_max_prof Int 200
Validation_Std Double 0,005
ts Int 60
n_scen Int 1
Rs Int 1000
method Struct{STRING} 'Imperialist Competitive Algorithn

Figure.14. Algorithm parameters input. Inverter

Il. Economic parameters

The economic parameters model has the characteristicsvshin Figure.15, this
structure also exists for the PRESS design but has been modified for the hybrid system
design This model has the parameters needed to calculate the cost of the system once the
algorithm has calculated the energy simulations fog hominal values. Also, on this model
are the loss of load probability target and variation used to limit the optimization problem.
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VU int 20
r_int Double 0,06
OeM Double 20

coeffBOSel Double 0,2
LLP_ targ Double 0,12
LLP_var Double 0
OeMSS Double 35

Figure.15. Algorithm economic input.

5.1.2. Results

For hybrid simulations the size of thesults object i$) &, where N is the number
of iteration that the algorithm took to fulfill condition to stop. The variables are shown in
Figure.16, the only difference with the previous output structure is that there is a new
column where the sizef the secondary source is saved. The output values presented are
the same than in the RBESS design but the size of the matrixes changes as follows:

1 Secondary source: The nominal power of the secondary source generator in the
optimum point.

D\ 01 ) [ A

,.yﬁ‘a
PVsize Battery Net Lossof LCoE Secondary
size present load Source
cost size

Figure.16. Algorithm economic input.

5.1.3. NPC

The NPC matrix is a matrix of four dimensions where one of them is the PV research
space, the second one is the BESS capacity research space, the third one is the number of
scenarios implementedral, the fourth one is the SS research space

5.14. LLP

The LLP matrix is a matrix of four dimensions where one of them is the PV research
space, the second one is the BESS capacity research space, the third one is the number of
scenarios implemented and, the fah one is the SS research space.
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5.1.5. LCoE

The NPC matrix is a matrix of four dimensions where one of them is the PV research
space, the second one is the BESS capacity research space, the third one is the number of
scenarios implemented and, the fourth ongh® SS research space.

5.2. Imperialistic algorithm for hybrid system

For the simulation, the flow of the information is shown in the Figue The main
supposition on the hybrid simulation is that the energy generated by the PV array and the
secondary sorce can be added without any constrain for each simulation step. Once the
energy generated is added, the load consumes what it needs and the remaining energy is
stored in the BESS. In case the energy generated is not enough for the load is supplied by
the storage system.
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Figure.17. Flowchart of the imperialist algorithm for hybrid micro grid.

5.2.1. Initialization

Some characteristics need to be initialized before start iterating with the algorithm.
The battery model has implementation parameters that need to be set up. The research
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space has to be defined with the input parameters and the results matrixes aredeafith

it. There are also forced combinations that can be added to the code in order to fix
initialization points in the algorithm. This is in case there ardE8$SS combinations that
could be close to the minimum. On the other hand, force combinattbas want to be
tested such as only PBESS or only BESS.

5.2.2. Preparation of environment for iteration

The preparation of the environment for the iteration cleans and prepares the input
variables to start the iteration from a neutral start. In this pairtlee algorithm is set up the
load curve for the simulation time. One possible input is to have the complete load curve
for all the years of the simulation, in such case the code only organize the dat. The other
possible combination is to have oyear loa curve, and the code projects the growth of
the load with a constant.

When the algorithm results do not fulfill the convergence criteria the algorithm
starts over and the results, the load curve and, the empire matrixes need to be initialized.
This in oder to start a complete new simulation searching the optimum. This step of the
simulation prepares &the variables for the iteration step.

5.2.3. lteration

The iteration step is the part of the algorithm where the optimization problem is
solved. The objectives to find the combination of photovoltaics, battery energy storage
system and secondary source with the lowest net present cost, with the constrain of loss of
load probability. The loss of load probability constrain ensures that the system will supply
energy for an amount of time enough or bigger than the time we want to have energy. This
parameter is set up by the user and can change depending on the application of the micro
grid. For example, illumination systems only need to supply energy in the oiglgs,
factories or many productive applications only need to supply energy during the day, etc.

The PWBESSS points of the research space are evaluated searching the best
combination that fulfills the LLP parameter with the lowest NPC value. In toderd the
optimum this step could be sub divided into three big processes: The selection of the
combinations for the simulation, the technical evaluation of the selected combinations on
the time and, the economic evaluation of the combinations.

l. Selectin of the PABESSS combination
The selection of the combination process takes a number of points in the research
space to evaluate them technically and economically. It is necessary to evaluate only some
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points because the computational effort to evaleadll the possibilities is too big, and the
program would take a great amount of time to evaluate all the possible combinations of the
research space if it is too big. In case the research space is reduced, it is possible to lose the
optimum values and theptimum found by the program could be oversized or undersized.
The research space must be big enough to contain the global minimum, and in this case, the
computational time will be too high. For this reason, the algorithm only takes some points
and startiterating over them looking for the best solution.

The optimization problem is too complex with many variables that converts the
mathematical solution in a difficult problem to be solved. For this reason, the iterative
algorithms reduce complexity to thgroblem evaluating some points and then using the
available information to get closer to the minimum. This way to solve the problem lose
accuracy in the optimum but it accelerates the computational time.
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During the firstiteration, the points chosen are random points (except for those,
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Around this erpires there are selected the colonies, again the first iterai®geelected
randomly from the evaluated points.

From the second iteration and ahead, the colonies are set in the proximity of the
empires. Then, after the technical and economical evalyafio O KS &G L2 6 SNE 2F (¢
is evaluated using the next function with the values simulated. The lower the NPC the lower
the power function, also the lower the LLP, the lower the power function. With this function
is possible to compare with the empirdghere is a colony with a better NRCP relation
and swipe the empire with it in case it is true.
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Il. Technical evaluation

The technical evaluation performs the energy balance of the generdb@storage
and the load. The load curve is given as an input for the program, so the calculus done in
this process of the algorithm regard to the energy generation and the storage of it. Then,
the missing energy or the over produced energy is suppliestared in the batteries, on
this part the BESS constrains has to be verified.
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The first step of the technical evaluation is to know for every time step how much
energy the load demands. The assumption on this point is that for every time step the load
isconstant in such a way that the energy demanded is the power value of every time step
multiplied by the time step factor. For these specific simulations, the time step is minutes
(60 minutes for each hour) and the power unit is Kw. For this reason, grggdemanded
unit is kWh.
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The second step of the technical evaluation is to calculate the energy generated by
the PV generator. The nomingbwer is the one chosen from the research space. The PV
profile is related to the radiation and how it makes the PV array produce different quantities
of energy for every moment of the day depending on the amount of radiation received The
PV BOS is the takefficiency of the DC part in the photovoltaic generation [36].
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The third step of the technical evaluation is to calculate the energy generated by the
semondary source generator. This part of the code has been modified to identify the kind of
secondary source implemented because every generation source may have specific
conditions. It is going to be explained in deep on the following pages that explains the
models of the hydro and wind. In summary, on this step there are performed the necessary
operations with the nominal value chosen from the research space, and the profile input
related to the second source in order to have the energy generated for eaehgiep in
kWh.

The fourth step of the technical evaluation is to make the energy balance. For this
part, the assumption is that the energy generated by both generation sources can be added.
Once the energy production is one the algorithm calculates tfierdnce between the load
and the generation. Depending on the result of this difference, the battery storage system
is asked to supply the missing energy or store the remaining production. On this part,
parameters such as the state of charge and theesti#thealth of the BESS are checked to
know if it is possible to supply/store the energy, in case it is not possible to supply the energy
the amount not provided would increase the loss of load probability. Furthermore, the use
of the battery can make shtar the lifetime of the BESS, so the state of health is verified in
order to check when is necessary to change the system.
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This procedure is repeated for every minute during 20 years the simulation. At the
end of this iteration, the otput value is the loss of load probability for each one of the
combinations selected from the research space.

Il. Economic analysis

The economic analysis has the objective of calculating the cost of the system with
the combination selected. In order talculate the cost there are different elements that
compound the system:

The first one is the inverter; the inverter has to be sized for the peak power load,
since the inverter has an associated efficiency, the power lost on the conversion should be
added to the nominal value of the inverter. Then, it is multiplied by the cost per kilowatt in
the inverter input parameters.
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The second one is the BOS system, this system is calculated aw @false sum of
the components on the system with DC management. The following expression shows the
BOS cost formula used in case the secondary source has DC components, when it does not
has this term in the formula must be removed [37].
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The investment cost is calculated adding all the previous costs presented above. The
cost of the inverter, the PV system, the BESS system, the SS generator and the BOS costs.
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Then it is necessary to calculate the costs related to the operation and
management. The operation of the generation is related to each generation source. For this
reason, the input should be a constant that gives the O&M value per kW perlgesarch
way, that the O&M cost is calculated with the expression below.
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These costs are transferred to the present using the present value formula for the
years ofthe simulation, where r is the rate.

. 00§
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Then, these costs are added with the costs related to the replacement of the
batteries due to the lifetime of them. Finally, the net present cost (NPC) is foundgatiha
investment cost and the yearly costs.
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5.2.4. Optimum search and convergence validation

The optimum search objective is, again, to find the minimum {pem) NPC value
of the research space that fulfills the condition of loss of loambpbility. This process is
very simple; In the NPC matrix are all the values from the selected combinations of the
research space. With those values is possible to compare with the LLP matrix and set the
NPC of the combinations that does not fulfill thé&Ldondition to infinite and then from the
remaining points calculated find the optimum.

From the optimum NPC value, is possible to find in the matrixes LLP and LCoE are
obtained the loss of load probability and the levelized cost of energy of the optimum
combination, and the PBESSS size also. This result is saved on the results object and
then the convergence validation is checked.

l. Convergence criteria
The convergence criteria of the algorithm deals with the NPC mean and the standard

variation. The ofective is to check if the NPC through the iterations is stable or the
difference between the values is too big. This convergence criterion has been adopted since
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the amount of variables lead to many different combinations ofBB5SS where the NPC
valueis very close to the global minimum.

For this reason, the validation code calculates the mean and the standard variation
of the results. These two variables are calculated for the previous iteration and the actual
iteration. Then, there is an absoluterparison between the two values and this result is
validated with the input parameter stablished for this convergence criterion as follows.
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If the Mean validation and the standard deviation are lower than the validation
parameters the simulation stops, otherwise the iteration starts over the life load curve
initializationto look for another optimum that leads to a stable minimum.

5.3. Algorithm védation

The algorithm has a random start over the research space and then it starts looking
for the best points (The lowest NPC) that fulfills the loss of load probability constrain. The
number of iterations and the starting point leads to the algorithonbring out many
G2 LJ0 A YdzYé 2 dzi LJzi-BESSBS combin&ians. TriSeNMBligaiioortsisgisto
prove that the algorithm gives an output close to the global optimum point in all the cases
or at least with a high probability.

The way to validate ihe algorithm work is to check if the net present cost of the
PUVBESSSS point that throws the algorithm is close to the best point on the research space.
The method used to try to prove this condition is to perform a set of simulations where the
first one has evaluated all the possible points of the research space. The other simulations
are standard ones where the output should be close to the optimum.
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Practically, the simulation was done with a PV array betwe80@ kW, the BESS
capacity between {8000 kWh and, the wind generator betweerd®0 kW. The radiation,
the wind profile, the economic and simulation parameters were the same for all the
simulations so the only changing variable were the random configurations at the beginning
of the algorithm. Foeach simulation was extracted from all the evaluated points that fulfills
the LPP condition, the minimum NPC configuration (Optimum), the maximum NPC
configuration, and the average. Then, for each simulation was extracted a graph where the
points in thePVBESS.SS matrix where categorized for the closeness to the optimum point
to see where are located the best points in the research space.

The results are summarized in the Table. V, where:

1 The first column shows the number of the simulation

1 The second damn is the PV size of the optimum point

1 The third column is the size of the BESS of the optimum point

1 The fourth ighe optimumvalue of the NPC for the simulation

1 The fifth is the loss off load probability of the optimum point

1 The sixth column is the lelized cost oEnergy ofthe optimum point

1 The seventh column is the SS size of the optimum point

1 The eighth column is the difference between the NPC of the optimum point and the

global NPC optimum
SUMARY VALIDATION
LCoE Optimum

SIM PV [kW] BESS[kWh]  NPC§] LLP [%] [e/kwh] SSIKWl o'z 3y EMOrl%l
Complete Simulation 142 125 $ 1.546.500 0,1170% 0,1571 225 $ - 0%
Simulation 1 26 246 $ 1.551.600 0,0944% 0,1598 218 $ 5.100 0,33%
Simulation 2 150 143 $ 1.546.900 0,1074% 0,1595 225 $ 400 0,03%
Simulation 3 4 237 $ 1.583.600 0,0851% 0,1611 270 $ 37.100 2,40%
Simulation 4 155 212 $ 1.576.000 0,0528% 0,1601 240 $ 29.500 1,91%
Simulation 5 68 307 $ 1.579.900 0,0908% 0,1609 242 $ 33.400 2,16%
Simulation 6 127 127 $ 1.585.300 0,0998% 0,1631 240 $ 38.800 2,51%
Simulation 7 133 402 $ 1.590.800 0,1136% 0,1639 210 $ 44.300 2,86%
Simulation 8 155 115 $ 1.579.100 0,0918% 0,1603 220 $ 32.600 2,11%
Simulation 9 130 143 $ 1.596.500 0,1063% 0,1661 228 $ 50.000 3,23%
Simulation 10 146 112 $ 1.596.400 0,1002% 0,1654 250 $ 49.900 3,23%

Table. I. Summary data formlgorithm validation.

This table shows the optimum results of ten random simulations (in the practice
there were performed other simulations but the table shows one sample of the simulations
performed), and the optimum of the simulation when all tb@mbinations of the research
space were tested. The error between the simulations performed and the global optimum
is lower than 3.5%. With a good number of samples is possible to ensure that the algorithm
flows to a NPC value close to the minimum.
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It ispossible to make an observation of the LLP. The closer the LLP to the threshold
the lower the NPC, it means that if we want to have a lower LLP the price will increase. Even
when the combinations of the PBESSS system are quite different, the mixed sost all
of them throws not only a close NPC, but also a close LLP and LCoE.

PAAYy3 GKS aO2YLIX SGS aAYdzZ FGA2yé A& LI2EA&A:I
global optimum and then, validate the other simulations with the values obtained in the
first one. The point, is to see where are located theBBSSS points where the NPC is
closer to the global minimum that the others. In order to see extract more information from
the graphs there were selected five regions:

1 Green: The green region is the onbave the NPC is the optimum or 1.2 times the
global optimum. This means 20% bigger than the optimum.

1 Cyan: The cyan region is the one where the NPC is bigger than 1.2 times the global
optimum and lower than 1.5 times the global minimum.

1 Blue: The blue regn is the one where the NPC is bigger than 1.5 times the global
minimum and lower than the mean of the NPC values.

1 Yellow: The yellow region is the one where the NPC is bigger than the mean of the

NPC values and halfway the maximusa

1 Red: The red region has the values between halfway the maximum and the
maximum value of NPC.

The following examples show the comparison of a couple simulation with the values
obtained with the complete simulation. They show that the local optimumskrge to the
global maximum in the RBESSSS configuration. It is possible to identify zones where the
NPC is lower and where it is higher. This zones show that if the simulations gives points in
green the local optimum value will have a 20% of erramakimum. In fact, what Table V
shows in the eighth column is that the optimum NPC error is lower than 3.5%.

The graphs showed in the examples filtrate all the points that fulfill the LLP condition
and the plot them with the colors given in the five regscabove. There are two examples
to illustrate that the results are not the same but there can be identified some regions were
the values are closer to the global minimum than others are.

5.3.1. Example 1

The 3D graph of the first simulation is shown in the Fgl8. This figure show how
are distributed all the evaluated point in a simulation on the research spac8ES%S).
The combination tested are colored by the zones previously described. The dispersion of
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the data does not allow observing clearly théateon between the variables and the NPC.
For this reason, there are the following figures with 2D plots.

Hybrid system characterized by NPC
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Figure.18. 3D plot for simulation 1 with the NPC characterization.

Figure. ® shows the BESBV plane. It is possible to observe the five regions
previously mentioned, where the values closer to the global optimum are located in a zone
and, the further from this zone the bigger the NPC. There are some points crossing the
borders bu since it is a 2D projection of a 3D space, the envelope region is a solid, not a
curve. Still, the regions mentioned can be identified showing a relation-&ESS with the
NPC.
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Figure.19. 2D plot for simulation 1 for BESS/ axes with NPC characterization.
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Figure.20 shows the S®V plane. Again, it is possible to observe the five regions
identified where most of the point between the values are located. One more time, the
values closer to the global optimum present a loWC in relation to the values further to
it. In this case, the regions shape are quite different from the ones showed in the Figure.
17.
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Figure.20. 2D plot for simulation 1 for S®V axes with NPC characterization.

Figure.21 shows the SBESS plane. On this plane is difficult to identify the regions
where the PMBESSS combinations are located. This result point that the variable that
affects more the NPC value is the PV. Since for close values of BESS andPESwileeN
changes radically with the PV size. Beyond this, the green points and the cyan ones are again
located in a region close to the global minimum. There are not points of these two colors
dispersed all over the research space. Enforcing the theorythiiealocal minimums are
close to the global minimum only.
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Figure.21. 2D plot for simulation 1 for SBESS axes with NPC characterization.

5.3.2. Example 2

Figure. 2 shows a different set of data from another simulation with theedr
dimensions and the distribution seems to be very similar but it is going to be a two
dimension analysis to check the behaviors of the combinations.
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Figure.22. 3D plot for simulation 2 with the NPC characterization.

Figure. 23 shows the BESBV plane of the second simulation. In the previous
simulation for BESBV the regions where located in the same zones of the plane. For these
simulations, the sampled points with the lower NPC value are again close to the global
minimum and the further the bigger the NPC.
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Figure.23. 2D plot for simulation 2 for BESBV axes with NPC characterization.

Figure. 2 shows the S®V plane of the second simulation. One more time, the
regions are located in the samere and with a similar shape than the first simulation.
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Figure.24. 2D plot for simulation 2 for S®V axes with NPC characterization.

Figure. & shows the SBESS plane of the second simulation. The behavior is the
same; the green and cyan points are clustered around the global maximum, the NPC values
are dispersed over all the plane pointing that PV variable is the one that changes the NPC
cost radically and, the points that fulfill the LLP are distributed in the same zone.
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Hybrid system characterized by NPC
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Figure.25. 2D plot for simulation 2 for SBESS axes with NPC characterization.

5.3.3. Validation summary

From the set of simulations performed with the same inputs all the NPC values
obtained in the optimum are close to the global minimum. The maximum error obtained in
the simulations performed is 3.5%, which can be acceptable for this iterative algoritem. Th
size of the systemdiffers between them, nevertheless the optimization function tries to
minimize the NPC value. For thémison is not a problem that the RBESSS configuration
differs if the final NPC is close to the global optimum. There can bg m@nfigurations
close to the global minimum given the freedom degrees.

There can be identified regions where the points are located in function of the
proximity to the global minimum. These regions are observed in th8FSS and $
planes. On the SBESS plane, the dispersion of the points does not allow to recognize the
regions clearly pointing out that PV variable is the one that changes the NPC in a major way.

The points where filtered at the beginning using the LLP condition. Once the filtering
is finished, the combination points are located in the same zones of the research space even
if they are not the exactly the same values.

5.4. Generation models implemented

5.4.1. Wind generation

The wind flow is produced by the temperature difference between zareshe
earth. The temperature difference is caused by the energy received from the sun, so the
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wind energy is an energy derivate from the solar one. The temperature difference prints
kinetic energy to the particles of the air. The wind can be used asichtfiat can be
turbinated in order to transform this energy into electrical energy.

Figure. B shows the schema of a wind power system. The wind turbine catches the
flow and moves producing mechanical energy. The speed of the turbine is not enough to
gererate electrical energy in an efficient way, for this reason there is a gearbox to increase
the rotational speed for the asynchronous generator. Then, the speed of the wind is not
constant so it is necessary to control the energy produced by the generatorder to
supply energy with good quality. This means a constant frequency at stable voltage values.
For this task there are used an-dc converter followed by a dac one, this configuration
allows to control the wind power system properly [38].
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Wind

Turbine Gear box AS.G.

< __NDpc AC|L

AC DC

HH

Vwind

Figure.26. Wind power system schema [38].

From the speed of the turbine is possible to create the response curve for the output
power of the generator. With this curve and the wind speed for each time step is possible
to determine the energy generated by a wind farm with a specific turbine on time. This
section explains how the wind model has been implemented to calculate the generation for
a wind power system in a micro grid.

l. Input parameters

There is a set of parameters neededset the profile for the wind generation. The
energy generated by a wind turbine depends on the wind flow and the response of the
turbine to the flow. For this reason, there are two input parameters necessary to calculate
the energy generated for a migrid in one zone. The response curve is the first input; the
wind profile is the second one.
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Il. Response curve of the turbine

The response curve of the turbine gives the output power generated by the selected
wind turbine. For these simulations, the turbinesed is the VESTAS VR0 MW. The
objective is to know which is the power generated with the wind available in the zone. It is
possible to choose different turbine models but if the size of the PV is smaller than the
turbine nominal power the real priceill not be coherent with the simulation because it
will be oversized. In case the size of wind given by the algorithm is bigger, it is possible to
find a bigger and cheaper turbine or to install a wind farm with many turbines selected [39].

The selectedmodel is a wind turbine medium and high wind speed with high
turbulence. Figure. 2shows the power output response of the turbine, before 4m/s there
is no energy generated, and then it followsb approximately until it reaches the
maximum. When the wing bigger than 25 m/s it does not work for security reasons.
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Figure.27. Characteristic power curve of the wind turbing90-3.0.

Figure. 3 shows the wind intervals in which the turbine control works. The red line
shows thecut in speed where the turbine starts working, the brown line shows the cut out
speed where the turbine stops working and the yellow line shows the rated speed where
the turbine reaches its maximum output power. In addition, there can be seen three
operational zones; the first is when the turbine follows the power of the wind with an
increase of power proportional td . The second zone starts in the green line, which is an
inflection point where the shape of the function changes in order to arrive toréted
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speed in an exponential way. The third zone starts in the rated speed and finish in the cut
out speed, and it is characterized for a constant power output independent from the wind

speed.
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Figure.28. Operationintervals in wind turbine.
I11. Wind profile

The wind profile is the speed of the wind for each time step of the simulation period.
For this profile there are two possibilities; the first one is to generate a theoretical profile
with a model of the wind andhe second one is to search for real data measured in a

weather station and combine or duplicate the fields in case they are too many or too few
for the simulation time step.

Solving the first option. The Weibull velocity characterizes the speed of the wi
with a probabilistic function. This model is the most basic and repeated one for preliminary

analysis of wind farms. The expression of the probability of a wind speed is given by the
following equation.

Where k and c are emtant that can be calculated using the mean of the wind and
the standard deviation of it in a set of measures.
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The ideal energy produced by wind can be found wiith derivation the kinetic
energy produced by its speed. The expression in function of the spéed is-” . But
then, Betz has stablish a theorem which limits the ideal power that can be extracted from
the wind assuming that S is the rotor surfatee velocity of the wind flowing is normal to

the rotor plane, incompressible air, stationary flow, and no shears at the control surfaces.
After these assumptions, the possible extracted power is limited by 60% as the expression

following shows)® -""Y¥— U . Figure. 9 shows the curves of ideal power produced by
wind, the ideal power including the Betz limit, and the real power of the tursielected
output.
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Figure.29. Ideal, Betz and real power output produced by wind
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V. Power factor profile generation

The function implemented in Matlab to generate the power profile factor for the
GAYR FT2tt2648 (GKS ySEG SELINBaaiAzyd 2KSNB asé
turbine matrix (one column has the wind vector ahe other the power output). The input
al YL S& Aa GKS ydzYoSNI 2F &l YLX S& LISNJ @SFN yS
of years that last the simulation and, ¢ and k are the values described to characterize the
Weibull distribution (These paramats can be estimated, researched on the literature, or
calculated from a set of data).

function [profile] = windProfile(w, samples, years, c, k)

¢KS 2dzi LJdzi GLINRPTFAESE Aa + @SO02NI 2F dal YL
values are the relative value that the turbine generates. To calculate the relative values is
necessary to compare the random wind velocity values with the output power airbe
turbine and then, the output power must be divided by the nominal power of the turbine.
In this way. The values of the output vector are zero when the wind speed is in the cut in
zone. The values are one when the wind speed is in the cut out ziordlyFthe values are
between zero and one when the wind speed is between the cut in and the cut out zone.

The power generated by the turbine with a wind profile is calculated getting the
output power from the Figure. 2with the closest value of the wind value generated with
the Weibull distribution. Figure30 shows the code used to generate random values that
fits the distribution function. It is use an interpolation using the cumulative distribution
function of f (v)over the wind velocity vector of a random values vector.

x=linspace (0, max(w(:,1)),length(w));
fl=k.*(x.~(k-1) ./ (c"k)) . *exp(-((x./c)."k))/2;

$GENERATION OF A VECTOR THAT FITS THE WEIBULL FUNCTION
Xxd = X7 % X
cdf = cumsum(fl); % P(x)

% remove non-unique elements
[cdf, mask] = unigue (cdf);
®xd = Xd(mask);
% create an array of "samples" random numbers
randomValues = rand(samples,l);
% inverse interpolation to achieve P(x) -> ¥ projection of the random values
projection = interpl(cdf, =g, randomvalues);
Figure.30. Code that generates the wind random points according a probabilistic distribution.

Figure.31 shows the probabilistic wind velocity distribution given thargmeters
c=5 and k=11. This figure shows the probability for each speed. Then, Fijsihews the
histogram of the values generated by the previous code. It is seen that the shape of the
histogram fits with the generation
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Figure.31. Probabilistic wind velocity distribution for c=5 and k=11.
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Figure.32. Histogram of the wind profile vector.

The same code can be used to generate the power profile factors using real values
of wind data instead othe Weibull distribution. In order to perform the simulation the
number of wind speed samples must fit with the number of steps of the simulation for the
20 years. This kind of simulation is suggested when the histogram of the data does not
behave like theNeibull distribution, otherwise the ¢ and k parameters can be calculated
with any set of data and then be used as input of the wind profile generation function.

V. Secondary source profile use
CKAd AGLINBFAESE gAff 0S dzaASR Ay GKS O2RS |
values chosen in the simulation from the research space. Since the algorithm does not cares
the nominal value of the turbine and selects the nominal power of the winthite
randomly, the amount of energy generated for many wind turbines of the same reference
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is the addition of the generated energy of each one of them. That is why the generation
factor of one turbine can be used as the generator factor of any nomina¢polosen from
the research space.

5.4.2. Hydro generation

The hydraulic energy is the type of energy generated by a mass of a liquid, due to its
elevation, speed and pressure associated. Thus, the electrical hydraulic energy generated is
a transformation from liree types of energy in the mass of liquid. The potential energy
associated with the elevation respect to a reference level of the water. The kinetic energy
associated to the movement of the water and the pressure energy, which is the internal
energy of diquid [36].

) LS \T“L‘)I T 7, e \l’:')r T~ € 4 4 LAY L \ N e v
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The origin of the hydraulic energy is the one absorbed from the sun, which produces
in the earth planet by different conditions to transfortine water generating the cycle of
water. On this way, the hydraulic energy is a manifestation of the solar energy.

The process to transform the energy from a liquid mass into electrical energy needs
a turbine and a generator. There is a pipeline where water comes in and moves the
turbine. The generator transforms the rotation of the flow turbine into electrical energy.
The hydro generators can generate many MW whit the correct infrastructure. The small
hydro generators are those, which has a nompw@ker lower than 5SMW. These generators
take advantage of the flow and /or the fall of water to generate energy.

l. Power production

The production of the small hydro generator is proportional to the caudal of the
source and the jump height for each instaiihe expression used to calculate the power
produced by the generator is shown below. The gamma factor is the specific weight of the
water and the total efficiency can be considered 0.8 for modern generators [36].

~ o~ ~
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Shce the power is function of the caudal on each instant, the energy generated is
calculated in periods of time where the caudal can be considered constant. Since the
simulation is performed with a time step of minutes, the caudal is practically constant ov
this time window. The height for this kind of generators is considered constant because
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there is no dam involved. In case the generator has a variable height, the variable should be
considered for each time step as the caudal is.

Il. Caudal

The energy generated by the hydro generator depends on the caudal. For this
reason, it is very important to determine how will behave the caudal in time. The measure
of the rivers caudal is done in the gauging station, there the instantaneous caudal are
regisiered in the point where is located the station. Based on these measurements is
possible to determine the maximum and minimum caudal per day and, time series of the
forecasted cauda. At the end of the hydrologic study, regardless if the data is theooetical
real data, there will be enough data to build a sadistic distribution. This distribution is shown
in the Figure. 3that typifies the years in function of the contribution registered.

Very wet year Wet year Average normal year Dry year Very dry year

Caudal (HmA3/year)

g 15% ¢ J 35% . ' L 65% 85%
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Frequency of aparition

Figure.33. Caudal frequency peyears [40].
Once obtained the previous distribution, it will be taken a representative year and
the classified caudal curve is built with this data. This curve, will throw the caudal in function

of the time. It characterizes properly the hydrologic regiofiex river. The classified caudal
curve, shown in Figure43gives important information about the water volumes.
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Figure.34. Classified caudal in function of the cumulated days [40].

I11. Power profile generation

When a hydro gnerator is going to be installed is necessary to perform a hydraulic
study that determines the precious information. Nevertheless, even when there is real or
theoretical data for the caudal of a river, it is possible that the step used in the study does
not fulfill the time step parameter of the simulation. For this reason, it is necessary to
generate a code where the caudal data is used to generate the data for the caudal.

The following function implemented on Matlab generates the profile used by the
coRS dzaAy3a RIEGF FNRY GKS OFdzZRIFIE daljéxX GKS ydzYe
KSAIKG 2F GKS Frft 2F GKS gFGSN) aKéX (GKS ST7
RIGF aaldRe¢®

function [profile] = pchProfile(q, years, h, eff, std)

Havingany amount of data is possible to characterize it as a probabilistic function.
¢tKS O2RS OFffa (GKA&a TFdzyOGA2y FyR 3ASYSNFXraGdSR N
YSIYy 2F (GKS RAAGNROdzGAR2Y YR GaidRé¢ Ithe GKS &0
standard deviation of the caudal can be found with real data or theoretical one.
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Once the caudal random points are generated, the code calculates the amount of
power that the river can generate with the caudal and height given for each instamef ti
Since the energy generated by the turbine depends on the nominal power of the turbine
selected there will be implemented a function inside the lifetime simulation that calculates
the power generated by a hydro generator of any nominal power with thedahof the
river.

The profile output is a matrix of dimension t_step x years where each value is the
maximum power that the river cagenerateswith the amount of caudal available to be
turbinated. On this case, the value is not between zero and onghis case, the values
dependon the caudal, the height of the river and the efficiency used.

~ ~ ~
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The hydro generator selected in the simulation will produce an amount of power
eqgual to the nominal power if the available power on the river is higher than the power of
the turbine. Moreover, it will be a fraction in the case when the available powehemnitver
Ad t£26SN) KIFIy GKS 3ISYySNIG2NRa y2YAylFf L}R2éSN
shown in the following expressions. Once again, it is important to remember that the time
step is minutes and that is why the factor to obtain energy-&
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6. Approach Proposed

In order to evaluate the best solutions for prowid electrical energy to remote
areasit is necessary first appoint how and why the adopted appro&clkhosen. The
possibility of measung and therefore evaluate the performance of the different solutions
is indispensable to provide the trustworthiness of the work. Hence, mathematical models
associated with the characteristics of the transmission network or micro grids studied, give
possbilities to elaborate hypothesis and validate it.

One proposition is to model the transmission systems of shelied countries
(Brazil and Colombia), obtaining as far as possible the amount of information necessary to
full describe it, at least closetp a realistic approach. The evaluation of the transmission
networks will be based also on the grid code regarding each country. Moreover, it is
necessary a trustful power flow program to ensure the reliability of the results, therefore
was chosen the MAAOWER program, described in more details in the Annex of this work.

The same idea for the micro grids design, in which the data referred to the location
where the micro grid will be set is crucial for the most reasonable results.

With the two approach its possible to hypothesize innumerous solutions and
working on the program, to model the changes and evaluate the results of the simulations.
Possibilities such as insert a new transmission line or a micro grid in the main network are
performed and the outemes compared.

The idea of load increment in selected regions of the transmission network aims to
quantify and forecast the impacts on those areas. As the focus is related to some specific
areas, in which the transmission systems do not reach or readhaipgrit is specified the
propitious areas of micro grids development in Brazil and Colombia. The presented maps
regards the models of the transmission system that will be presented in the next chapter.

6.1.Load Increment Methodology

In order to asses the network on these selected areas it was proposed the
performance of load progressive increment.

The proposition was to consider, based on the total load of the respective scenario,
implement progressive load increment focused on the selected buBas.incremental
amount is based on a percentage of the total demand. Thus, the behaivibe network
considering the steadgtate parameters are evaluated in each simulation until it reaches
the technical constraints or even the power flow does not cageeanymore. The
progression starts from small percentages such as 0.1% of the total load, growing to 0.5%,
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1% and so on. As each simulation is performed per time, it is possible to evaluate how the
growth impacted the network and ponder about the perceggaquantity that would be
more adequate in order to a better evaluation of the system. Therefore, if the behavior of
the system changes abruptly in terms of steatigte parameters such as voltage magnitude

or line loading, the next simulation will considan adequate load increment amount. The
flowchart is presented in the FiguBs with the methodology.

Run the Power flow with

the pre-determined load

increment values: 0.19%,
0.5%, 1%, 2%, 3%, ...

y
[ Simul.ation ]( W
v

Are the technical Evaluate a load

contraints of the increment value

network close to be Yes lower than the
broken? expected next one.

¢No

Procede with the
next load
increment value.,

Figure.35. Flowchart with the load increment methodology.

It is important to mention that the progressiaonsiders the percentage of the total
load and it is distributed between the selected buses considering the population number of
each department considered. The population of all the departments that the buses were
selected are summed and the load incremdlen g Af f 06S RAGARSR LINE LJ2 NI/
population and number of buses.

6.1.1. Load Increment based on the Regional Growth.

Another proposal for evaluating the network with respect to the load increment is
referred to the consideration of the regionahergy growth in order to perform a more
realistic scenario. In this case, it is necessary the information regarding the energy
consumption in the interested state or department in the last years. It would be also
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interesting if the used growth factor isfegred to a high growth year rate, allowing a more
conservative analysis that could be classified as the worst load forecast in terms of planning.

In this case the procedure does not anymore change the load increment value due
to eventual broken constrats after each simulation, but consider when (number of years),
maintained the determined demand growth each year the system will not be able to
operate following the steadgtate constraints.

6.2.Transmission Lines Insertion

The load increment aims to alyze the impacts caused in the grid and to discuss
and compare possible solutions for the presented problem. One way could be the
integration of micro grids to the main system, allowing in one hand, the mutual benefit for
the micro grids, which will havéan¢ security and reliability of the Interconnected Network
and on the other hand, the benefit for the main system, which could postpone investments
in such areas due to the micro grids power capabilities.

As an alternative in way to compare the resultsheff load increment in micro grids
insertion context, it is proposed the analysis of transmission line insertion. The main idea
consists in providing more stability and energy transfer capacity to such peripheral branches
that are mainly radial and as restaht quantify the load increment with this new
connection.

The insertion of the new transmission line does not intend to be the best technical
solution among all the connection points in the studied area, but just to connect the furthest
bus in the analyed brancho a more stable bus, creatirgysort ofring topology.

Furthermore, in order to have a more realistic comparison, the calculation of the
Levelized Cost of Energy (LCOE) is performed both for the transmission line and micro grids
solution in ader to compare.

6.3.LCOE calculation

The Levelized Cost of Energy (LCOE) can be defined as a method to compare
different generation projects based on the values capital costs, capital recovery factor,
operation and maintenance costs, fuel expenditures amel yearly electricity production.

The resultant unit is the adopted currency by the energy produced, being a good parameter
that allows practical comparisons.

The formulation of the LCOE is given by:
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Where,CCGs the Company Cost of Capital which is the yearly return capital to the
company make an investment worthwhile. It is composed of the cost of debt and cost of
equity and is a parameter used tnalyze if the investment is or not a good option.
6"Qehb £ distthi total investment cost of the enterprise. T&EQ ¢ I'Qib ddE | abdYearly
O&M costsis a variable cost that considers the fuel and peration and Maintenance
costs (O&M)expenditures, respectively.

All the costs were based on the Bank of Prices 2018 provided by the energy Brazilian
Authority (ANEEL) [27]. Considering the difficulties of native forest area, a factor of 1.5 was
considered for higher towers. Siail methodology applied for factors was adopted in
concerning to assessment reports published by the Energy Research Office in Brazil (EPE)
[28].

The Bank of Prices works with the Brazilian currency (Braedan The exchange

rate was based on quoteno14" of November of 2018. The value of one euro was
equivalent to 4.298Teais

6.4.Propitious Areas for Micro grids Development

6.4.1. Propitious Areas in Brazil

In Brazil, based on the analysis of the reach of the National Interconnected System
(SIN), it is possible to evaluate prone areas to the development of Microgrids. Considering
that the greatest part of the loads is connected to the main system, it stilirad 0.7% of
the total demand that is not yet connected, due to technical or economic reasons [23].
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The major part of the isolated systems is located on the north part of the country,
specifically on the Amazonian region. The energy matrix of the esbitstem is composed
predominantly of Diesel and a small percentagead,biomass and small hydro. The size
of the isolated systems varies tremendously, from small villages scattered in the Amazonian
region with maximum demand of 4 MW, to a capital aftate that is not connected to the
main system yet, with the maximum demand around of 233 MW.

Thermal

Small Hydro

Natural Gas Diesel Biomass

O "W IO
N ()

Figure.36. Energy matrix of the isolated systems in Brazil [23].

As shown in Figur86, almost the totality of theisolated systems uses thermal
sources, which creates logistical problem considering the huge distances that must be
travelled to deliver the fuel, planning problems in order to estimate continuously and
accurately the demand, hours of use and all the ctsas are implicit.

The development of micro grids that could use the abundant resources available on
those areas, such as the high sun irradiation all the year, the vastness of rivers that could
be used for small hydro power plants, good sites for wvendrgy in the coast, and so on.

In order to assess the capacity and possibility of load growth, focusing on the more
isolated areas that the National System reaches, it is proposed to perform a progressive
load increment evaluating the behavior of thgssem with respect to the technical
constraints. Presumably, the network on those areas has a more radial topology
characteristic, working with less reliability, and lower level of voltage due to the reduced
transferred power to those areas.

Consideringhe Brazilian equivalent modelvhich will be presented in more details
next chapter, itcontains only one part of the National Interconnected System (8INgas
chosen the closest area to the Amazonian region, which encompasses the state of Mato
GrossoActually,it is an important rural area of the Brazilian agribusiness, however, it still
has native forest and the inherent difficulties.
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In the Brazilian model map of the grid, the buses considered in order to perform the
load increment are highlightewith the arrows, depicted in FiguB.
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Figure.37. Buses considered in the Mato Grosso area to perform the load increment in Mato Grosso Area.

As mentioned, Mato Grosso is a state of relevant importance for the agricufure
the country and the demand in part of the state is substantially related to it. The state has
the population estimated in 3 441 998 for an area of 903 357 [Rd], therefore a small
density.

The energy consumption in the state in the last two yeagiven in the Tabléll
[25], where is possible to notice a growth of 6.81% comparing the two years, it is
significantly high, considering Brazil has just passed for moment of economic crisis.

Year January  |February [March  |April May June July August |September |October  [November |December |Total [MWh]
2017 628327 | 657465 | 706,312 | 698,378 | 709430 | 713467 | 693,316 | 727,634 | 814,280 | 778,714 | 735574 | 712,264 | 857516
201§ 623158 | 656,234 | 692,601 | 708,787 | 661,121 | 650,785 | 659,836 | 702,379 | 688,823 | 686,056 | 667,997 | 630,231 | 8,028,00

Table. Il. ElectricalEnergy Consumption in the state of Mato Grosso, 2016 and 2017.
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6.4.2. Propitious Areas in Colombia

For the Colombian situation, as it was modelled the whole National Transmission
System, gives the possibility of considering more areas, takinguatimunt more than one
department in order to assess prone areas for the development of Micro drius.full
model will be presented in details next chapter.

It was proposed consider the departments located in the eastern part of the country,
in which ae departments with a smaller population density, native forest and with
precarious or norconnected to the main grid.

There are in Colombia a designation for the systems that are not connected to the
main grid, it is called Neimterconnected Zones (ZNThe major part of the country, around
52% [26], is part of the ZNI. It encompasses the eastern part of country and also areas in
the coast. Around 90 counties, 5 capital of departments and villages of indigenous are in
the ZNI.

Considering the eastermpart of the country, and electing the most prone
departments to Microgrids development, based on the geographical location; non
connection to the main network and feasibility of connection, it is possible to see the chosen
departments, displayed in the t&b V. More than considering the population and area of
these departments, the connection with the main grid was taken into account. Despite the
fact that the grid of 110 kV is not part of the National Transmission System, the existence
allows the possibily of reaching those more isolated areas and open the possibility for
simulations. Lastly, considering the Colombian model it was checked the location of the
buses and listed referring it to the respective department. The Fi@8eshows the
Colombian nework, the departments and the chosen buses pointed by the arrows.

Eligible Areas
Pop Density  [Connection with

Departament |Population |Area [km2] [hab/km2] the main grid Bus number
Arauca 267997 23818 11.252  230/110 kV 43, 44
Casanare 368989 44640 8.266  230/110 kV 92
Vichada 75468 100242 0.753 230 kV 95
Guaviare 114207 53460 2.136 110 kV none
Guainia 42777 72238 0.592 No connection none
Vaupés 44500 54135 0.822 No connection none
Caqueta 490056 88965 5.508 110 kV none
Amazonas 77948 109665 0.711 No connection none
Meta 998167 85635 11.65 230/110 kV 93, 94, 105
Total Population 1710611

Table. Ill. Information regarding the Eligible Areas in Colombia.
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Figure.38. Buses selected in the Colombian grid to perform theébincrement.

6.5.Micro grids Insertion Proposition

Considering the assessment of the insertion of micro grids on the main system, with
the target to assist the main network, it was proposed the insertion of clusters of micro
grids of different sizes, in thareas more affected by the load increment drawbacks. As
mentioned before, the load increment was performed in the propitious areas of the country
for micro grids development.

Assuming the Colombian network model and considering the buses that the load
increment was performed, it was focused on the more distant branches, in which the micro
grids would have more possibility to be connected on. In the Fig&ré is shown the two
selected peripheral buses: 44 (CafioLimén) and 95 (Rubiales), in whichdterscluill be
connected. In order to evaluate the effects more clearly, the simulation regarding each bus
will be performed separately.
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Figure.39. Selected buses for the micro grids insertion.

Assuming that the micro grids have a unique model of 0.5 MW of maximum
generation capacity and the maximum registered demand of 0.228 MW. Considering also,
an optimistic scenario that the micro grids work with maximum producing capacity, perhaps
with the aupport of the BESS. Regarding the demand, the most pessimistic scenario with
the full possible demand, then, an overproduction of 0.272 MW is available to assist the
main grid. As the legislations of Brazil and Colombia accepts clusters of small production
units, clusters of different sizes were proposed in order to evaluate the impact on the
interconnected network of Colombia. The transmission line that connects the elected bus
to the bus that represents the micro grids is characterized with similar paemef the
transmission lines of the nearby radial branches. The length of the line is around 75 km.

The chosen scenariawvhich will be presentedfor this simulation was the Peak
Summer case with 4% of total grid load increment. The idea is to anfzesertion of
the micro grids in problematic scenarios in order to see the collaboration possible to
perform. Furthermore, it opens new possibilities such as the ancillary services that the
micro grids could implement helping the network and suggestifmmsstrategical paid
services that could foster the micro grids development.
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7. Study casesBrazilian and Colombian context

7.1.Brazilian Energy Scenario

The Brazilian Network has intrinsic characteristics that make it a singular network if
compared to othe systems worldwide. Starting from the geographical particularities such
as the size of the country and the inherent difficulties in terms of transferring energy from
high potential producing areas, located sometimes in the distant cembeth of the
courtry, to the load centers mainly in the coast. Another important point is related with the
natural obstacles of electrifying remote areas, in which the main grid (National
Interconnected System SIN) does not reach, and the solution established is the
deployment of isolated systems. The Brazilian Transmission System Operator, called ONS,
manages and operates a total installed capacity of 174 254 MW [9]. Traditionally, due to
the high potential of the hydro resources, the Brazilian energy matrix has beewid¢du
based on hydro power plants. According to recent studies [10], the total hydro potential in
Brazil that could be technically explored is around 260 GW, in which only 105 GW is actually
being explored. The major part of the unexplored potential isnreid to the Amazon basin,
where 87 GW is still available, however, only 5% of the Brazilian population live on this area
[10]. The actual installed capacity is detailed on the tableeferring to the year 2017.

Source of Electricity Installed Capacity[MW] Percentage of the total [%]
Hydro| 105406 67.8
Thermal- Gas| 12 597 8.1
Thermal- Ol | 4 732 3
Thermal- Coal| 3138 2
Biomass| 13 623 8.8
Wind | 12309 7.9
Nuclear| 1990 1.3
Solar| 952 0.6
Other | 779 05
Total | 155 526

Table. IV. Brazilian Installed Capacity in 2017 [10].

In order to better operate the system considering the particularities of each region,
a connected grid was developed. Assuming the predominance of hydro power plants in the
energy marix, the interconnection of hydro basins with distinct characteristics can provide
more security and reliability to the system. Different solutions were adopted, and a wide
range of voltage levels selected according to the distance, technical analysisenational
aspects. The voltage levels actually used on the Brazilian system vary from 230 kV up to 800
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kV. There are alternating current (AC) and direct current (DC) technology employed. In the
Figure4Othere is a better description of the transmissitines panorama.

2017
RERKUEC. 4500 km

2017
750 KV 2.683 km

2017
12.816 km

A7

. K T s

TOTAL 141.388 km

Figure.40. Length of the Brazilian Transmission Network in 2017 [10].

Considering the huge distances between generation and load, solutions as the extra
high voltage in DC are being employed mfrezgjuently. One recent example are the lines
of 800 kV that connect aecent built hydro power plant (Belo Monte) located on the
Amazon basin to the loads in the sotghst region. The center and northern regions have
been focused on the last years as thew frontiers to become part of the main grid. The
high variable cost of the thermal generators and the difficulties to reach thesgrioff
systems promote new projects for the network expansion. Hgare 41 depicts the
Brazilian National InterconnecteBlystem (SIN). Projects of high complexity involving work
on native forest and also legal complications are now set as priority projects due to the
vulnerability of relevant cities that are fed by @ffid systems. Nevertheless, the main part
of the smallcities and communities in the Amazon region are supplied bygridf systems
due to of the impracticability of the full connection to the main grid.

77



Energizatia strategies fordevelopingcountries

The National Interconnected System (SIN) has connections with the Argentinian,
Uruguayan and Paraguayametworks. Furthermore, there is a connection between the
Venezuelan grid and the capital of the Roraima state, northern region of Brazil.
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Figure.41. National Interconnected System in 2017 [10].

7.2.Colombian Energy Scenario

The Colombian market nowadays is a liberalized pool market. The liberalization
started on 1994 when the laws 142 and 143 were released. The law 142 of 1994 covers the
public services as the cleaning, energy, gas, telephony, aqueduct and sewage. It defines the
juridical nature of the public service companies, and the regulatory framework of the
O2YYAadaArzya oKAOK 2@0SNARAAIKI (KSasS O2YLI yAaASao
and duties included the contribution or subsidy policy based on the social strafine
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stratums are six from 1 to 6, where the lower the number the lower the income of the
population which uses the public services. The objective is to charge less to the population
with the lowest income and make the one with the highest income to Goute for the
subsidies. The stratums3.receive subsidies and the stratum$ 4jives contributions.

Ly G4KS dpnQa /2t2Y0Al adlFNILSR +y 2LISyAy3 L
break free the public budget. The law 143 of 1994 is focused on ldwtrieal sector, its
purpose is to bring competitive prices, to enhance the service, to rise the quality of service
and to extend the coverage. With this law Colombia was one of the first countries opening
a wholesaler energy market.

7.2.1. Market structure

The Colombian market trades with big blocks of energy and power freely by demand
and supply. The structure of this market is given in the Figd2efollowing a vertical
separation. There are four big agents in the structure of the market, generation,
trangmission, distribution and commercialization. Some of them operates in competence
and others are natural monopolies as it is seen bellow [41].

Generarion

oHydraulic, thermic, solar, geothermic, biomas, etc.
wCompetitive activity

Transmission

o8 cRegional or inter regional grids with voltage level equal or higher to 110kV
S oNatural monopoly

Commercialization

wintermediation between the supply and the demand
wCompetitive activity

Figure.42. Colombian market structure.
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l. Generation
The Colombian generation sectara competitive market where many actors and
technologies are involved, bidding energy blocks in the wholesale market. The most used
generation resources in Colombia are shown in the FiglBe.
1 Hydraulic (67%)

Natural gas (27.5%)
Coil (5.2&)
Wind (0.1%)
Others (0.1%)

= 4 -4 1

m Hydraulic
m Natural gas
u Coll

Wind
m Others

Figure.43. Natural resources associated with the electric generation.

The main natural resource used in Colombia for the electric generation is the
hydraulic. The country has a greatimber of rivers, lakes, and other hydraulic resources
plus a geography with many mountain ranges and natural reservoirs that allows thevaoreati
of big hydraulic power plant with relative low investment cost.

The energy generation is be classified by the dispatching mode and the productive
activity. If the generation plan is bigger than 20MW is considerédaSy (G NI f f @ RA a LJF
plant, otherwise it is considered b 2 G O Sy (i NI f Ifthe plahh piiotdicell DEBIR ¢
and electric energy as part of productive processes, where the main activity is not related
to electric generation is callel / 2 3 Sy S Niheieletni€ §eneration is focusen the
local supply and the only the surplus is sold to the National Interconnected System (SIN) is
calledd I dzil 2 3 S yEBENIF thel éleytric generation is the main activity is called
GASYSNI A2y ¢ ®

80



Energizatio strategies fordevelopingcountries

Il. Transmission
The transmission system in Colomlsainatural monopoly managed by public and
private companies. The National interconnected system has tension levels equal or higher
than 110 kV. In the Tabl¥lis shown the length own by the transmission system operators
different ordered by the tensiotevels.

Many companies manage the transmission system because in the beginning each
region was owner of its own transmission network. Each region managed their
infrastructure before the law 143 of 1994, and sometimes the operator was a public agent
and sane other it was a private company. In the moment of the unification, there were
identified interfaces in the SIN. The management of the transmission grid was divided
between the agents based on these interfaces.
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|[TOTAL TRANSMISSION LINES Lenght (km) [Longitud (%]
TRANSMISSION 110 kV 3,477.33
ELECTRIFICADORA DEL CARIBE S.A. E.S.P 1,454.81 41.84
EMPRESA COLOMBIANA DE PETROLEOS 6.70 0.19
EMPRESA DISTRIBUIDORA DEL PACIFICO S.A. E.S.P. 98.07 2.82
EMPRESAS PUBLICAS DE MEDELLIN S.A. E.S.P. 1,597.97 45.95
INTERNATIONAL COLOMBIA RESOURCES CORPORATION 304.00 8.74
TRANSELCA S.A. E.S.P. 12.58 0.36
ZONA FRANCA CELSIA S.AE.S.P. 3.20 0.09
TRANSMISSION 115 kV 7,249.71
CENTRAL HIDROELECTRICA DE CALDAS S.A. E.S.P. 509.22 7.02
CENTRALES ELECTRICAS DE NARINO S.A. E.S.P. 476.50 6.57
CENTRALES ELECTRICAS DEL NORTE DE SANTANDER S.A. E.S.P. 339.53 4.68
CODENSA S.A. E.S.P. 1,210.25 16.69
COMPARIA ENERGETICA DE OCCIDENTE S.A.S. ESP 338.70 4.67
COMPARIA ENERGETICA DEL TOLIMA S.A. E.S.P. 538.42 7.43
ELECTRIFICADORA DE SANTANDER S.A. E.S.P. 539.61 7.44
ELECTRIFICADORA DEL CAQUETA S.A. E.S.P. 111.50 1.54
ELECTRIFICADORA DEL HUILA S.A. E.S.P. 332.27 4.58
ELECTRIFICADORA DEL META S.A. E.S.P. 376.30 5.19
EMPRESA DE ENERGIA DE ARAUCA E.S.P. 60.00 0.83
EMPRESA DE ENERGIA DE BOYACA S.A. E.S.P. 512.22 7.07
EMPRESA DE ENERGIA DE CASANARE S.A. E.S.P. 426.00 5.88
EMPRESA DE ENERGIA DE PEREIRA S.A. E.S.P. 7.80 0.11
EMPRESA DE ENERGIA DEL BAJO PUTUMAYO S.A. E.S.P. 92.00 1.27
EMPRESA DE ENERGIA DEL PACIFICO S.A. E.S.P. 958.95 13.23
EMPRESA DE ENERGIA DEL QUINDIO S.A. E.S.P. 17.00 0.23
EMPRESA DE ENERGIA ELECTRICA DEL DEPARTAMENTO DEL GUAVIARE S¥87E08.P. 2.58
EMPRESA DISTRIBUIDORA DEL PACIFICO S.A. E.S.P. 206.79 2.85
EMPRESAS MUNICIPALES DE CALI E.I.C.E. E.S.P. 3.40 0.05
Ingenio Mayaguez S.A. 2.85 0.04
INTERCOLOMBIA S.A. E.S.P. 3.40 0.05
TRANSMISSION 138 kV 15.49
INTERCOLOMBIA S.A. E.S.P. 15.49 100.00
TRANSMISSION 220 kV 2,675.23
EMPRESAS PUBLICAS DE MEDELLIN S.A. E.S.P. 842.95 31.51
GRUPO ENERGIA BOGOTA SA ESP 20.00 0.75
INTERCOLOMBIA S.A. E.S.P. 177.64 6.64
TRANSELCA S.A. E.S.P. 1,634.64 61.10
TRANSMISSION 230 kV 10,033.28
CENTRALES ELECTRICAS DEL NORTE DE SANTANDER S.A. E.S.P. 8.53 0.09
DISTASA S.A. E.S.P. 18.75 0.19
ELECTRIFICADORA DE SANTANDER S.A. E.S.P. 120.41 1.20
EMPRESA DE ENERGIA DEL PACIFICO S.A. E.S.P. 272.33 2.71
EMPRESAS PUBLICAS DE MEDELLIN S.A. E.S.P. 149.12 1.49
GRUPO ENERGIA BOGOTA SA ESP 1,513.58 15.09
INTERCOLOMBIA S.A. E.S.P. 7,950.56 79.24
TRANSMISSION 500 kV 2,535.37
EMPRESAS PUBLICAS DE MEDELLIN S.A. E.S.P. 45.90 1.81
INTERCOLOMBIA S.A. E.S.P. 2,489.47 98.19

Table. V. Transmission lines in Colombia.

lll.  Distribution
The distribution system is a natural monopoly operated by zones. This means that
in the same city, town, etc. There can be more than one distribution system operator. The
operators are selected by bidding.

The voltage levels in the distribution system are those below 110Kv. The primary

circuitsoperatemainly at the voltages 13.2, 11.4 and 7.62 kV, while the secondary circuits
operates mainly at 120/208 120/240 V and generally at voltages below 600 V.
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IV. Conmercialization
The energy commercialization is the economical process where the different agents,
companies, persons interact in order to buy and sell energy. The purpose of the
commercialization is to bring the service to the final user in such waythbgtrice paid for
it is the best possible price. The competence between the resellers reduce the price paid by
the users bringing a fair profit to all the agents involved (generator, transmission,
distribution and resellers).

V. Clients
The clients are thdinal users which use the energy. They participate in the
wholesale market through the commercial intermediary, and they are free to choose the
one they prefer. There are also two kind of clients, the regulated and theregulated
ones.

7.3.Technical Rulesindicators for Electrical Energy Quality in Transmission Lines

The transmission system operator (TSO) in the case of Brazil and the Regulation
Committee in the case of Colombia, determine the performance indicators in the interest
of more than maintairthe reliability and security of the transmission lines, evaluate the
electrical energy quality in both global and individual aspects. There are many different
technical parameters that are used. The main aspects encompassed by these sorts of rules
are: Catinuity of the service, Frequency indicators and Voltage indicators. Each country
has its own specificities, however, in general the rules are similar due to the international
experiences and common practices in the area.

7.3.1. Brazilian Indicators

In Brazilthe TSO (ONS) is responsible for the planning and scheduling the dispatch
regarding the generators that taken part on the National Interconnected System (SIN).
Another important role regards the proposition of rules for the operation of the SIN. Among
the extensive sort of technical rules, there are the requirements of electrical energy quality
in the SIN [15].

l. Continuity of Service Indicators
It is considered interruption of the service in the control point (frontier between
transmission installationsral the generation or distribution installations) when the voltage
remains null for a period equal or higher than 1 (one) minute.
The following indicators are used for the evaluation of service continuity:

83



Energizatio strategies fordevelopingcountries

a) Interruption Duration in the Control Point DIPC:The sum of the service
interruption duration in the control point in the considered period.

b) Frequency Interruption in the Control Poiqt FIPC: Number of times in which
occurred the service interruption in the control point in the considered period.

c) Maximum Interruption Duration in the Control PoigqtDMIPC: The longest service
interruption duration in the control point in the considered period.

The TSO is responsible for the assessment of the indicators based on established
values of performance. It is psible to have distinct values for different buses according to
influence factors such as the historical data of a specific bus.

Il. Frequency Indicators
The assessment of frequency is performed in the stestdie regime and in transient
periods. Itthis work it was considered only the steastate regime. The indicator DEP
Frequency Performance in Steashate is given by:

€

O 0Ou p m

2]
na:) n

Where, n is the number of times that an integral of the module of the frequency
deviation @), calculéed for intervals of one minute, was higher than OHz.min

considering the total of 1440 daily intervals.
Integral of the module of the frequency deviatiol){

5 0000 QE

Where,Y"(= Frequency deviatioif2 "Q;
"= Frequency measurement (Hz);
"Q= Nominal frequency: 60.00 Hz
t = Time (minutes)

Assuming normal conditions in the steashate regime, the instantaneous frequency
deviations, comparing with the nominal value, cannot exceed more or less than 0.1 Hz.

lll.  Voltage Indicators
The assessment of voltage is composed of many indicators that encompasses: Voltage
in the steadystate regime, voltage fluctuations, voltage unbalances, harmonic distortions
of voltage and rapid voltage change. As mentioned beforg;, thr@ steadystate regime will
be contemplated.

84



Energizatio strategies fordevelopingcountries

The evaluation of the performance of the steastate regime voltage will be done
considering the values from the measurement systems supervised by the TSO, regarding
the busbar under the responsibility die transmission dealership.

The performance of the steaebtate voltage regime can be quantified considering, in
monthly base, the measured voltage (TL) in relation with the contracted voltage (TC), and
can be classified as: Adequate, Precarious or @lrifilie measured voltage (TL) is obtained
by the value of the Root Mean Square (RMS) phesdral from each phase, considering
time intervals of 10 (ten) minutes. The relative duration for the Precarious (DRP) and Critical
(DRC) voltage is given by:

a) Relaive Duration of the Violation of the Precarious VoltageRP

€ an
O "0v p é—a:)nn

b) Relative Duration of the Violation of the Critical Volta@@RC

g
OYo P T dnrm

Where:

€ an = number of measurements of the phase with precarious voltage, in a
monthly base.

¢ & @ = number of measurements of the phase with critical voltage, in a monthly
base.

€ = number of measurements of the phase, in a monthly base.

The Tabl&/ll and the Figurd4 summarize the voltage limits according to the technical
rules. It is possible to infer that for higher voltage levels the requirements are stricter. As
the National Interconnected System (SIN) is composed of transmissemnviith voltage
levels equal or higher than 230 kV, the adequate operation consists of being between 0.95
and 1.05 p.u.
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Nominal Voltage Classification of the Voltage in the Steady-state regime
(TN) of the Adequate Precarious Critical
observation [k
TN 280 095TCO DL 1. 093TCO TD95< TL<0.93TC
TC TC or or
1.05TC<TLO 1. TL>1.07TC
TC
095TCO ML 1. 090TCO TI0D.95< TL<0.90TC
TC TC or or
1.05TC<TLO 1. TL>1.07TC
TC

1<TN <69 093TCO TDLOB6. 090TCO TID.93< TL<0.90TC
TC TC or
TL>1.05TC

Table. VI. Classification of the Voltage in the Steadtate regime.
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NOMINAL VOLTAGE - TN [kV]
Figure.44. Classification of the Voltage in the Steadyate regime [15].

The evaluation of performance is done comparing the obtained values for DRP and
DRC with the following reference values:

a) Relative Duration of the Maximum Transgression ofRnecarious Voltage
DRPM: Established as 3%
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b) Relative Duration of the Maximum Transgression of the Critical Voti&jeCM:
Established as 0.5%.

It must be classified as Critical the performance that present, simultaneously,
considering the period of mohty observation, values for the indicators DRP and DRC
greater than the reference values DRPM and DRCM, respectively.

7.3.2. Colombian Indicators

In the Colombian framework, the Energy and Gas Regulation Committee (CREG) is the
responsible for the performanaedicators based on the General Resolution of Energy [16].
This resolution encompasses definitions of the electrical sector, the structure of the
Colombian system, the regulation for the operations, planning, supervision and control,
methodologies for taffs and so on.

l. Frequency Indicators
The target frequency of the interconnected network is 60.00 Hz and its range of
operation variation is between 59.80 and 60.20 Hz, except in states of emergency, failures,
energy deficit and rest periods.

Il. Voltage Indiators
It is determined by Resolution that in steadtate regime the voltages in the buses of
115 kV, 110 kV and 220 kV, 230 kV must not be lower than 90% nor higher than 110% of
the nominal value, as presented in Tabil. For the 500 kV network the minimum
permissible voltage is 90% and the maximum is 105% of the nominal value. In the main
buses of the transmission system the transient voltage must not be below 0.8 (p.u.) for
more than 500 ms.

Adequate Critical
090TNO TL 1. TL<0.90TN
TN or
TL>1.05TN
090TNO T©LI.L. TL<O0.90TN
TN or
TL>1.1TN

Table. VII. Classification of the Voltage in the Steadiate regime.
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7.4.Brazilian Electricity Market

The Brazilian Power System is characterized by a huge network that must supply
different kinds of demand through a continental country.irtiplies in a sophisticated
institutional organization in order to guarantee the reliability and security of the grid.

7.4.1. Main Entities of the Brazilian Power Sector

Ministry of Mines and Energy MME: It can be described as an entity linked to the
Brazilian Presidency that is in charge of implementing the energy sector policies in
compliance with the guidelines determined by the Energy Council (CNPE). The MME has
the Grantor Authority role for the Brazilian power sector, determining the guidelines for the
energy auctions, execution of concession agreements and issuing the authorization acts.

National Electricity Agency ANEEL It regulates and oversee the generation,
transmission, distribution and trading activities, analyzing whether it complies with the
policies and guidelines of the energy sector. Activities related to the tariff adjustment,
establishing fines and arbitrage are examples of the numerous roles performed by the
ANEEL.

National Power System Operator ONS:It performs the activities requiik to
coordinate the Brazilian Power System. The main functions are related to planning and
schedule the centralized dispatch and operations in the generation segment, supervising
and coordinating the power system, contracting and managing transmissiortegralso
the ancillary services. Also, there is an important role related to propose upgrades to the
existing system.

Energy Research OffiqgEPEIt is a specialized office composed by technical groups
in order to promote planning studies regardirttetBrazilian energy sector. Among the vast
sort of activities, it is important to mention the identification and quantification of potential
energy sources, studies for the best potential sites for hylshised projects, generation and
transmission expansioplans and feasibility studies.

Electric Energy Commercialization ChambeCCEEIt is responsible for running
auctions, maintaining the registration of the Power Purchase Agreements in the Regulated
Trading Environment (CCEAR), register the amoymweér and energy transacted through
the agreements in the Free Trading Environment (ACL) and calculating the Imbalances
Settlement Prices (PLD). The agents that are obligated to participate in the CCEE:
Generation agents with generation capacity of askB0 MW, Authorized agents to import
or export electricity with exchanges of at least 50 MW, Concessionaries, permit holders or
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Authorizes representing distribution companies whose sales reach at least 500 GWh/year
and Free and special consumers.

7.4.2. SystenPlanning and Operation in the Brazilian Power Sector

Brazil energy matrix is largely dependent on the hybased power plants. The
second most important generation base is the thermal. Due to this scenario, the planning
of the operation involves the padularities of the two source types. The hydro systems are
substantially dependent on the time. Considering the seasons of the year and their effect
on the water storage, a decision of dispatching a hydropower plant must encompass the
longterm analysis anthe costs in order to balance the hydro and the thermal power plants
usage in an optimum way.

The Process of the Operation Planning aims to minimize the expected value of the
total cost, considering the uncertainties, which is solved through calculatmatels. In this
process it is comprised the Mediutarm horizon (5 years), the shetérm horizon (1 year),
daily schedule horizon (2 weeks) and the Despatch horizon (1 day).

Some programs and models are used by the Operator in order to plan the operation
The Newavemodel is used in the mediwterm horizon in order to minimize the total
operation cost considering in the calculation hydrological and historical series and the
results feed the shofterm horizon model calleecomp which has a smaller timefme
up to twelve months. In th®ecompmodel, the power plants that compose the Brazilian
system are represented individually and consider a more accurate time description. The
outcomes of theDecompmodel are the generation goals for each plant and timergy
exchange between the subsystems considering the available information such as limits
between transmission line subsystems and flow rate in hydro basins.

The energy studies models are performed considering the Annual Energy Planning
(PEN) and the Madahly Operation Program (PMO). The PEN consider the available
information from a vast energy agents and authorities and through optimization
mathematical models perform simulations in order to find out operation strategies and
evaluating the supply conditis. In the case of the PMO, monthly meetings define the
energetic guidelines in the shetérm framework in order to optimize the generation and
transmission infrastructure comparing to the load forecast and the scheduled new assets.

Finally, there is theDesserPat model, where the dispatch is calculated to a
timeframe of up to two weeks considering thistginute intervals.

7.4.3. Market Mechanisms in the Brazilian Power Sector
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l. Physical Guarantee

Each power plant that composes the Brazilian Power Systeralaged with a
quantity of energy based on technical criteria and with the reliability for supplying the
system. This quantity is defined by the grantor Authority (MME) when issuing the operating
license. This is called Physical Guarantee of the paath generator may trade its energy
by the Power Purchase Agreements up to the limit of its Physical Guarantee. In the case of
the Hydro Power plants, the Physical Guarantee defines also the quota of participation in
the Energy Reallocation Mechanism (MRA).the Power Purchase Agreements that
accorded must be attached with a specific Physical Guarantee for a given plant, this is called
Backing, which is the base for the energy commercialization. The calculation of the Physical
Guarantee is performed for thédydro and Thermal power plants that are centrally
dispatched by the TSO. The Physical Guarantee is a function of a contribution considering
the maximum possibly energy quantity to be supplied. In the case of Wind and Solar power
plants, the Physical Guartee is calculated based on the production data, certified by
independent entities.

For cases of power plants with not centralized dispatching, the Physical Guarantee
of the Hydro (small hydro) is calculated according to the technical characteristibe of
power plant. For the other power plants, the calculations consider the monthly availability
of the energy [21].

II. Imbalances Settlement Prices
Imbalances Settlement Price (PLD) is the marginal cost to produce 1 MWh more that
is expected to the next opative week. This price is defined as the generation cost of the
most expensive thermal power plant that is producing energy at this moment. The PLD
reflects the Marginal Operation Cost, which is calculated through\tan@aveand Decomp
models.

The PLDsithe base value for the energy prices in the shiertn market. The shoft
term market is where the highest and lowest differences in relation with the contracts are
negotiated. For a consumer with an amount of contracted energy and that consumes more
than this predetermined amount, the difference will be arranged with contracts that
considers prices based on the PLD with the addition of Spread to sell or purchase of energy
(considering that the Energy Reallocation Mechanism is not sufficient to cover the
imbalances).

The PLD is calculated on a weekly basis for each load level and for eaularkah
by the National Electricity Agency. In Brazil it is possible to divide the market in four
submarkets (South, North, Northeast and Southeast/Celest). Howeer, it does not
consider the transmission constraints within soiarkets.

90



Energizatio strategies fordevelopingcountries

lll.  Energy Reallocation Mechanism
Considering that the output of the Hydro plants varies substantially due to the
hydrological cycles, the Power Purchase Agreements can become imaiéetitie to high
and frequent commercial risks related to the consideration of the Imbalances Settlement
Price (PLD) that rule the differences between generation output and contracted amount.

Even considering that the Imbalance Settlement Prices (Pai® beilings and
regulatory thresholds, it can varies largely also considering that it is based on the Marginal
Operation Cost. Then, in order to avoid this condition of extreme risk to the producers it
was created the Energy Reallocation Mechanism (MRE).

The Energy Reallocation Mechanism can be described as a financial instrument that
shares the hydrological risk between all the participants. The goal is to achieve financially,
for each participant power plant, the Physical Guarantee, independently ofeididevels
of generation, since the total amount of the MRE generation is greater than its total Physical
Guarantee. The Mechanism reduces the Hydrological Risk by way of transferring surpluses
from units generating more than their Physical Guaranteethiose generating less.
Considering this, the revenues of the generation companies come from the Physical
Guarantee of each plant and no more of the energy effectively produced by their plants.
The participation on this Mechanism is mandatory for Hydro pogants with a capacity
more than 30 MW and optional for the small ones. Those are hydro power plants that are
centrally dispatched.

There are three situations for the Energy Reallocation Mechanism (MRE): Surplus,
Deficit and Even balance.

Surplus and en Balance scenarios

In the Even balance situation, the total output under the Energy Reallocation
Mechanism is equal to the sum of the Physical Energy Guarantee. This means that the MRE
reaches an even balance. In the example, one plant outputs exdsdelsyisical Guarantee
and sells its electricity surplus at the Energy Optimization Tariff (TEO). The plants in which
the output was below the Physical Guarantee purchase at the same price (TEO). This tariff,
given in R$/MWh, is established by the NatioB#ctricity Agency (ANEEL) and aims to
compensate financially the producers that contribute with the MRE individually. It is paid
by the participants of the MRE that receive energy to cover the Physical Guarantee deficits
and/or Secondary Energy allocation

In the Surplus situation (more usual), the Hydro plants generate more than is
required for its physical guarantees, and the Energy Reallocation Mechanism (MRE)
operates with surpluses. For example, the surplus of one plant, exceeds the shortfall of the
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other two plants. All the plants purchase a portion of the surplus given the proportion of
their respective Physical Guarantee. If there is any leftover quantity above the total Physical
Guarantee, itis related to the Secondary Energy allocation. The&agoEnergy allocation

Ad LISNF2NXYSR (G2 Fff GKS LI NIHAOALIYGAQ LI2gSNI I
Considering the participants power plants that have their production below their Physical
Guarantee, they will receive the MRE supplemeynteontribution and also a proportional

part referred to the Secondary Energy. Moreover, the allocation of the Secondary Energy is
performed preferentially within the submarket in which it was produced, then being
available to other submarkets. The Secoryd&nergy remains accounting referred to the
submarket in which it was generated, and it is attached with the Energy Optimization Tariff
(TEO).

It is possible to define mathematically the Physical Guarantee and its relation with
the total generated and th Secondary Energy. The Physical Guarantee is given by [22]:

VOGW G 0OQY

Where, O'O'WY Q@ is the MRE Physical Guarantee in the baselaned weekw;
‘O'0'@¥y is the Physical Guarantee adjusted considering the losses factor in the
Interconnected grid and the availability factor of the power plpnthe baseling and week
w;
PMREs the group of portions of power plangs which integrates the MRE.
All the units given in MWh.

The total generation that composes the MRE is given by:

OY® YQ 00 'YO

Where,

"O'Y® Y@ is the total aggregated generation in the baselirand weekw;

"O0 'Y'® the total generation of the MRE paipant power plants by the
commercialization periogl

'Y wis the group of commercialization periogsn the baseling and weekw.

All the units given in MWh.
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The MRE adjustment represents the relation between the total aggregated
generation,”O"Y@ 'Y Q@ , and the total Physical Guarante® OV Q@ , both referred
to the MRE in the baselimeand weekw.

o Tt 0O'Yd 'YQ
0 L YYOYOQ m
If the value ofd 0 Y'YOY®(Q is above one, it meanthe existence of the
Secondary Energy for the considered period. The amount of Secondary Energy can be given

by the difference ofO"Y@ 'Y'Q and the Physical Guaranté®@ O'@"YY 'Q . Differently,

for a value below one, means the Adjustmeactor that must be applied to the Physical
Guarantee of the MRE participants power plants in order to enable the generation
coverage.

In the Deficit situation (less probable), the total output generated under the Energy
Reallocation Mechanism (MRE) doed reach the total Physical Guarantee. Considering a
submarket, where a power plant is in a deficit position, the Physical Guarantee coverage for
GKAA LIRG6SNI LIXIFyd Aa RSTAYSR o6lFaSR 2y (GKS Lk
available Physicaligrantee coverage and total deficit. In the case where this deficit cannot
be entirely supplied by the available Physical Guarantee of its own submarket, the
difference can be complemented by the surplus from other submarket.

0®6 O YO
YO &8 aOY Q

6 0 6 OO 00 008AOY Gy 60 6 00O

Where,

60 6 O0@Y: is the allocated quantity of other submarkets to the Physical
Guarantee coverage for the power plap, in the submarket s, baselinend weekw;

0'0"0'0000Y Q@ is MRE power plant generation deficit in the baselirend
weekw;

6 0 6 "OOOFY is the allocated quantity of its own submarket to the Physical
Guarantee coverage for the power plant p, in the submarket s, basedind weekw;

Owo OW 'Y QG is the surplus of the MRE for the submarkebaseliner and
weekw;

"YO ® 0 ‘QJOY G is the total surplus of the MRE in the baselirend weekw.

All the units given in MWh.

In the case of the Secondary Energy, it follows the same procedure considering the
priority. The allocation of the Secondary Energy ocdustly in its own submarket,
considering the right for Secondary Energy of each power plant, and formerly to other
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submarkets. A submarket with an available Secondary Energy surplus greater than its total
right to Secondary Energy in the same submarkét,agualize it in its own submarket and
hence cover other submarkets.

The energy flow for each submarket can be calculated for each participant power
plant. It consists in the difference between the allocated energy for the power plant, for the
PhysicaGuarantee coverage or Secondary Energy right (both referring to the submarket
where the power plant is located), and its generation surplus transferred to the MRE.

The financial generation compensation related to the MRE aims to refund the
generationcosts of the power plant that allocated a part of its production in order to cover
a part of the Physical Guarantee or the Secondary Energy referred to other power plants
that participates of the MRE. These costs are paid by the indebted power plants. The
financial value is calculated by the product of the allocated energy by the Energy
Optimization Tariff (TEO), considering the specific month and the contribution of each
power plant. The Figurd5 depicts the financial and energy relation in the MRE.

Delivery MRE .
Power [MWhr]-y Received
Plant A MRE [MWh]
Power
TEO -> $$ —
MRE [ Plant C ]

Power /
Plant B

TEO -> 555 ) Compensation MRE [RS]

Hgure. 45. Compensation system in the MRE [22].

IV.  Energy Balance

The Commercialization Chamber (CCEE) is in charge of accounting the differences
between the amount that was produced or consumed and the contracted energy through
the Power Purchase Agreements and the measurements registered. The eventual
differences referred to each agent (producers, traders and distributors) are priced
according to the Imbalance Settlement Prices (PLD), which is determined weekly,
considering the lod baseline (peak, medium and giéak) and the submarket. Based on
the difference of the contracted energy volumes and the measured energy volumes it is
possible to account the energy traded in the SHerim Market.

The composition of the Measured Engrgs composed by the generation or
consumption of each agent and by the eventual reallocated energy if the agent has a power
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plant that integrates the Energy Reallocation Mechanism (MRE). The Contracted Energy is
referred to the net contractual position, mch considers the difference between the total
selling contracts and the total purchasing contracts.

The Energy Balance formula is given by:

- V@) Wk Y'ORi 0y Qiin YOQQ] h Y'Y (T»\ hh
00 @ ,where:

Factor Description Possible values

A4 7 R Total agent generation obtained in tf Positive

accounting measurement. or zero.

19 g Results consolidation of the MRE. Positive,
negative or
zero.

1 T Total generation consumption of the age Positive

obtained in the accounting measurement. or zero.

A 4 4o Total agent consumption obtained in tr Positive

accounting measurement. or zero.
b Fdwn Net contractual positin, which is the difference Positive,

between the selling and the purchasing contracts for negative or
agent. The PCL is calculated for each submarket. Po zero.
PCL means a selling position, while negative PCL n
a purchasing position.
Table. VIII. Energy Balance Formula.

a stands for agent profile (producer, trader or purchaser);
sis the referred submarket;

ris the referred baseline;

w is the referred week.

The values of all the factors are given in MWh unit.

V. Free and Regulated Trading Environments
The Free Trading Environment (ACL) is the market segment in which the energy
purchase and sale transactions are conducted through bilateral contracts and allows free
negotiation among traders, agents and free consusne

The producers are the same in the Regulated Trading Environment (ACR) and in the
ACL. Part of the production is purchased in the ACR through official Auctions, generally in
the longterm, and other part is purchased through bilateral contracts. Tleelpcer, then
produces for both types of the market.
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The ACR works with compulsory contracts in which the consumer acquires the
energy direct from the distribution company. The tariffs are determined by the Authority
(ANEEL) and cannot be negotiated. Adiyy all the residential consumers are in this kind of
market (known also as Captive Market). It is shown in the FigGrine energy trading
environment in Brazil.

Producers: Public service generators,
independet power producers

/| ™~

ACR - Regulated Trading ACL - Free Trading Environment Energy Reserve
Environment
DSO and Captive Consumer Free Consumers, Traders

N\ /

Long and Medium Terms

Short Term

Short Term Market

Figure.46. Energy trading environment [21].

There are twoypes of consumers in the ACL.:

Free Consumers: Must have at least 3.000 kW of contracted demand and can
purchase energy from any kind of source. For customers that were connected in the
electrical system before 7 of July of 1995, must be connected withg®lhigher than 69
kV.

Special ConsumgrMust have contracted demand equal or higher than 500 kW and
lower than 3.000 kW, independently from the voltage level. They can purchase energy only
from renewable sources (wind, solar, small hydro and biomaspr hydro source with
power lower or equal than 50 MW. A summarization is shown on the Table X.

Contracted Connecton date  Connection
Demand Voltage

Energy Source

Free %3000 kW Connection after Any Voltage Any Surce
Consumer 08/07/1995
%3000 kW Connection before Higher than 69 kV Any Source
08/07/1995
X pnn 12 Anydate Higher than 2.%V Renewable
Consumer 3000 kW Sources

Table. IX. Consumer specifications in the Free Trading Environment.
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Regarding the producers, it is possible to classify themoimvéhtional, which:
Hydro and Thermal power plants are the most common and incentivized. The Incentivized:
The consumers that purchase from renewable sources (wind, solar, biomass, hydro or
cogeneration with power lower or equal than 30 MW), receive aucdidn that ranges
between 50 to 100 % in the wire service tariffs: Distribution Use of the System Tariff (TUSD)
and Transmission Use of the System Tariff (TUST). The discount percentage depends on the
date of the approval of the grant or of the registey the Authority and the type of the
energy source.

VI. Energy Reserve Trading
In order to enhance the supply security of the Brazilian Power System the energy
reserve trading is a solution implemented by the CCEE. It has a supplementary energy role,
contracted in addition to the procured in the regular energy auctions. It is generated
exclusively from plants contracted for this purpose, and it does not have any relation with
commercial backing for sales to consumption agents.

It requires auctions inrder to trade this energy. The Authority (ANEEL) performs it
either directly or indirectly with the amount of energy reserve defined by the Ministry of
Mines and Energy (MME) based on studies conducted by the Energy Research Office (EPE).
This kind of trding is performed through the Energy Reserve Agreements (CER) signed by
the seller agents at the Auctions and the Electric Energy Commercialization Chamber (CCEE)
who represents the consumption agents (including Distributors, Free Consumers, Special
consuners and selproducers). The allowed sources that compose the Energy Reserve
Auctions encompasses solar, wind, biomass and Small hydro power plants (known as PCH).
Each type of source has a different procedure and tolerance limits for the difference
between the generated energy and the contracted. Regarding these limits it is performed
the accounting of the revenues or the repayments by the producers or agents. For the
energy generated above or below the contracted quantity defined in the Energy Reserve
Agreements the revenues or repayments regarding the difference is computed by the CCEE.
The amount of revenues or repayments by the producer varies according to the source and
can be summarized in the Table X
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Energy Production Biomassand Small
Hydro

Alelelen s weniisei= NonrApplicable Based on thdmbalances Actualized Sales Pric
amount of energy Settlement Price (PLD) (Auction based)

=lclon e eeniseice. Average Price Valu Actualized Sales Pric Actualized Sales Pric
amount of energy (Auction based) (Auctionbased) (Auctionbased)

Table. X. Imbalanes between energy produced and contracted in the CER [22].

The CCEE maintains the account receiving the Energy Reserve Charge (EER) and
manages the agreements, overseen by the Authority (ANEEL). In the periods that it is
produced energy by the Power pksnthat are committed with the CER, the energy
generated will be settled on the Shesgrm market. It pays the seller agents according to
the Energy Reserve Agreements (CER), referred to the Auction price and receives the
amounts related to energy resengettled on the Shorterm market.

The Energy Reserve Agreements (CER) and Use of Energy Reserve Agreements
(CONUER) are not registered with the CCEE as it is with other agreements. However, the
obligations are treated by the Trading Rules. The EnergyReisedealt on the Shoterm
market, at Imbalances Settlement Prices (PLD) for the submarket where the project is
located. Revenues brought are used to reduce the costs associated with the trading. Figure
47 depicts theaccounting of the energy reserveatling.
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Figure.47. Accounting and Settlement of the Energy Reserve Trading [22].
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7.5.Colombian Electricity Market

7.5.1. Market agents

The market has agents mentioned previously as the generators, the transmission
systemoperators, the distribution system operators, the resellers and the final users. In
addition to these agents, there are state agents, and each one has a roll inside the energy

sector. The Figure.8shows a hierarchical scheme of the market agents withrthames
and their roll inside the electric energy sector [41].

MANAGEMENT

PLANNING

REGULATION

COUNCIL Ccho
AND COMMITTEE\
_—
CONTROL AND r. -
SURVEILLANCE
pX

OPERATION AND MARKET
MANAGEMENT \ = Moiceisa

—

Figure.48. Market agents in Colombian electrical market.

l. Management
¢KS YIyFr3aSySyd |3Syd OFtftSR daaAyAadSNAaA2 |
entity incharge of the administration of the natural nonrenewable resources of the country.
Some of the objectives of this entity is to formulate, adopt, lead and coordinate the politics
in the electric energy generation, transmission, distribution and commeraiaiz matters.
Furthermore, to ensure and organize the energy efficiency and renewable energies
programs.

Il. Planning
¢CKS LIXFYyyAy3a 3Syd OFtftSR dzyAde 2F LIIyYyyY
administrative unit attached to the Mines and energy ministty.function is to advise the
government in the formulation of politics that lead the sustainable development in the
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mines and energy sector. It brings all the necessary information to take decisions. At the
same time, UPME formulates the project that eresthe right use of the resources.

lll. Regulation
¢KS NB3IdzZE A2y F3Syd OFfttSR wS3dzxZ FGAzy O
entity in charge of regulating the public services of energy, natural gas, liquid gas and oil. Its
objective is to bring these saces to the biggest amount of people possible, at the lowest
cost for the users and the adequate profit for the companies, making possible the quality,
coverage and expansion.

IV. Operation and market management
¢CKS 2LISNIG2NI FYR YIyERENIAAT i KO YYI NJES (i KO
the National transmission system and manages the wholesale market. Additionally, it
FT2NBOIFad GKS RSYFYR 2F Y2NB GKIYy nH YAftAZ2Y
and dispatching them.

7.5.2. Wholesale market operation

The dispatching is the process where is programmed the generation which covers
the forecasted demand in such way that for every hour the dispatched resources are those
which the lower market price. The dispatching process also takes into account theeieserv
the restrictions and the inflexibilities. The most relevant variables and restrictions are the
ones showed below:

i Price offer: The generation companies inform the national dispatch center (CND)
before 8:00 hours, a unique price offer for 24 hours (ezpesl in $/kWh) for each
generation resource.

i Starting and stopping priceThe generation companies with thermic plants in the
last days of December, March, June and September of every year the starting and
stopping price to the CND. This price is expressefimerican dollars ($USD) for
each generation resource.

1 Generator availability:The generation companies must inform daily to the CND
before the 8:00 hours the maximum power available (expressed in MW) that a
generator can supply to the system for eadhe interval.

1 Ramp configuration:At the same time when the wholesale market price offer is
done, the generation companies must inform the fuel and the configuration to be
considered for each generation resource.

1 Mandatory minimum declarationThe generabn resources authorized to declare
mandatory minimum generation, for technical limitations or environmental
obligations, should send the offer within the timelines stablished for this.
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1 AGC availabilityThe generation plant eligible, could freely offeethavailability to
offer the frequency regulation second reserve service for each day and time interval.

7.5.3. Ancillary services

The ancillary services are those associated to the electric energy generation,
transportation and distribution that allowstablishing a minimum level of security, quality
and efficiency in the supply. These services are the blackout start, voltage regulation and
frequency regulation. On 26 April of 2007 was the total disconnection of the National
interconnected system (SINfwas classified as the worst in Colombia. It lasted 4 hours and
a half, including fault isolation and system restauration. Motivated on this disconnection
the regulatory agent and the SIN operator started a coordinated process to improve the
system secuty and reliability [42].

Keeping the electrical system safety and reliability is a hard task in all the economies
in the world, the success on this task could be based on keeping the voltage and frequency
on within the limits. In Colombia is more complecause the system must be prepared to
respond to terrorist attacks, multiannual climatic phenomenon, and high ceraunic level
also.

l. Blackout start
The SIN is a dynamic system stable the most of the time, but when it is exposed to
operative problems lik¢he forced generation plant stop, output of transmission lines, big
demand blocks disconnection, etc. The severity of these operative problems can produce
voltage and/or frequency collapse and end up in a blackout. Most of the blackouts occurs
for the conbination of multiple circumstances. The following figure shows the main causes
of blackouts from 1991.
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Blackout causes

= Innappropiate operation = Components failure = Extremeweather conditions = Miscellany

Figure.49. Blackout causes from 1991.

The technical requirements for blackout restart are the following:

1 Capability to resart one or more generators of the plant without using
external energy supply.

1 Capability to energize portion of the transmission grid, absorbing the
reactive power necessary for one hour after the event. The generator must
support the connection of one labor generator defined previously.

1 Capability to work in isolated mode with demand supply established in blocks
of 1050MW. The generator must control the frequena2%Hz) and the
voltage £10%Vn).

9 Capability to start at least three times in the two luos after the event. This,
for controlling the recidivisms.

1 Having reserves for four hours of autonomy operation.

1 Communication system with redundancy. The grid operator perform trials
over this communication system.

Il. Voltage and reactive energy regubati
The reactive energy and voltage regulation consist in the use of the generation and
transmission resources to keep the voltage in between the mandatory limits. This regulation
allows the system to release apparent power making itself more secure bettaisetive
power reserve increases preparing the system for an overcharge and reduce the probability
of disconnection. Furthermore, the better are the voltage profiles are, the lower the losses
for the Joule effect are.

102



Energizatio strategies fordevelopingcountries

There are three levels of controlhe primary or local control uses fixed capacitors
or reactors controlled by switches. Secondary control acts on the branch of the transmission
system and changes the configuration of the equipment over it and the taps on the
transformers. The tertiary antrol acts over the full network and tries to optimize the
voltage profile for the whole network.

The remuneration price of the reactive regulation is considered as a part of the
active power generation. This means that reactive control is an obligatigr2 & LJ} A R¢ ¥ 2 NJ
generators, since the price of the energy does not change if the reactive control is or not
needed. In the cases when is necessary to have generators acting like synchronic capacitor,
the energy produced by the generator would be paidree clearing price of the market.

lll.  Frequency control
The frequency cannot variate more than 1% of the nominal value in Hz. In order to
control the frequency there are three types of reserve. The primary reserve is a margin of
3% the nominal capacity of the conventional generators, then the secondary anaryert
reserve is proportioned by generators that sells the energy necessary to the network when
the frequency variation is higher than 1% and 2% respectively [43].

7.5.4. Regulation for micro grids connected to the transmission system

The resolution CREG 03® a resolution, which looks forward to regulate the
operative and commercial settings to allow the auto generation at small scale, and the
distributed generation connected with the SIN. This resolution has validity until the total
amount of energy exportg by DGs is greater than 4% of the commercial national demand.
At this point, the CREG is able to review and modify the conditions for the connection and
remuneration established on this resolution [44].

l. Technical standards and availability for the cotioe
Before any natural DG connects to the grid, it must check on the web page of the
grid operator the availability for connection on the circuit desired. Then, the user must
comply with the following parameters:
1 All the injections of power from the DG#all be equal or lower than 15% of the
nominal power of the circuit where the connection is requested. The nominal
capacity of the circuit is given by the transformer capacity.
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1 The energy injected to the grid, by DGs different to solar with storage dgiparci
one hour shall be lower than 50% of the annual average in the hours of minimum
demand registered in the previous year of the request date.

1 The energy injected to the grid, by DGs different to solar with storage capacity,
shall be lower than 50% tiie annual average in the frame of 6arpm registered
in the previous year of the request date.

Il. Generators covered by the resolution

There are three classifications for the generators which can apply to the advantages
proposed in the CREGO030. This gifastion is based on the nominal power of the
generators.

1 Distributed generators: Juridical person with a generators with a nominal capacity
equal or below 0.1MW. The energy produced is injected into the grid.

1 Small scale auto generators: Generator véithominal capacity equal or below 1MW
but, bigger than 0.1 MW.

1 Big scale auto generator: Generator with a nominal capacity equal or below 5MW
but, bigger than IMW.

M. Connection schemes:

There are also three connection schemes in order to request the aiomeof the
generators above mentioned to the grid. The classification is not only based on the nominal
capacity of the generator but, in the injection of the energy to the grid.

1 Process 1:

The process 1 is applied to auto generators with nomaaglacity below or
equal to 0.1MW without the capacity to inject energy in the grid. In order to access
to this kind of connection is necessary to fill the form with the estimated connection
date which shall be not sooner than 5 days from the request. &geeast must have
attached the design and electrical drawings.

The answer has a maximum delay of 5 days and, in case it is approved it
contains the date of trial. Otherwise, it contains the reasons why the connection has
been declined. The system will bdoaved to work once the trial is performed
correctly.

1 Process 2:

The process 2 is applied to auto generators with nominal capacity below or
equal to 0.1MW with the capacity to inject energy in the grid. With the account
number or the distribution center nuber is needed to check the availability of the
grid. If the grid has capacity available the request form shall be delivered with a
connection date not sooner than 5 day from the request date, with the design and
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the electrical drawings (If the grid has oapacity the user must follow the steps of
the process 3).

The answer has a maximum delay of 5 days and, in case it is approved it
contains the date of trial. Otherwise, it contains the reasons why the connection has
been declined. Once the trial has bepearformed correctly will be programed the
connection date or, in the best case, the system will be operative from that day.

1 Process 3:

The process 2 is applied to auto generators with nominal capacity over
0.1MW but, below or equal to 5SMW with or withotie capacity to inject energy in
the grid. This request process also apply to generator below 0.1MW without the
availability of the grid. On this case, is possible to ask to the distribution network
2LISNY 02NJ 6KS a02yySOiA2ya. afihdgasagraph 1002 NRA y 3
CREGO030.

Then, it is necessary to send the connection form filled with all the
attachments. The distribution network operator has 7 days to reply the request with
the viability of the connection and the contract for this one te bigned. The
contract shall be signed before 5 days from the delivery of the distributor network
2LISNF 02NRa yagSNY» ¢KS O2yidNX OG Ydzad o6S a
the system will be read in order to make the technical visit to verify trameters
and perform the trial. If the system complies with the regulatory framework and
succeeds on the trial, it can be connected to the grid.

The forms to be filled and the information about this connection request can be
found in the web pagéttps://www.codensa.com.co/resolucicoreg030. Also,there is
possible to contact the distribution network operator CODENSA. CODENSA is one of the
YEAY RA&GGNAOdzE2NDEA 2LISNI 02NR Ay [ 2f2Y0Al |yR

IV.  Energy commercialization

The commercialization scheme in Colombia has been establisitadtive main
purpose of increasing and incentivize the auto consume of the users. The CREG030 explains
the commercialization alternatives and pricing rules for the surplus of acoonentional
renewable source.

a. Pricing for DG
The pricing rules are desced in the article 15. The first option for distributed
generators is to sell the energy according to the resolution CREG 086 of 1996. The second
option is to sell the energy directly to the reseller integrated with the network operator. In
this case the reeller is obliged to buy the energy to the distributed generator and the price
is given by the expression:
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Where,

1 0 0@ ;i Selling price of the energy in th®ur h, month m, level of voltage n,
to the reseller i in the commercialization market j in $/kWh.

06 j Price in the pool market in the hour h of the month m in $/kWh. This price
should not exceed the weighted price of shortage. In the case thisipritgher this
parameter will be equal to the weighted price of shortage defined in the resolution
CREG140 of 2017.

0 fpis equal to the technical losses in the system of the network operator j,
accumulated in the level of voltaget,; 5, il — iy

T O ji Cost of buying the energy ($/kWh) for the month m, of the reseller | in the
market j.

1 6 Q¢ Qa@ithé economic incentive for the technical benefits that the distributed
generator contributes to the grid.

V. Commercialization alternatives for auto generators
The commercialization alternatives are described in the article 16. There are two
options dep@ding on the use or not of neconventional renewable sources [45].
1) If the generator classifies as an auto generator of small scale not using renewable
technologies:

a) Itis possible to sell the energy to any marketer which attends the regulated
market. Thee shall not be any relationship between the generator and the
reseller. In this case the price is the pool price for each corresponding hour.

b) Itis possible to sell the energy to unregulated users, in this case the price can
be any accorded with the usérrough bilateral contracts.

c) It is possible to sell the energy to the reseller integrated with the network
operator who is obliged to receive the surplus. On this case, the price is the
pool price.

2) If the generator classifies as an auto generator of sswdle using renewable
technologies:

a) Itis possible to sell the energy to any marketer which attends the regulated
market. There shall not be any relationship between the generator and the
reseller. In this case the price is defined by the next section.

b) Itis possible to sell the energy to unregulated users, in this case the price can
be any accorded with the user through bilateral contracts.

c) It is possible to sell the energy to the reseller integrated with the network
operator who is obliged to receive thgurplus. On this case, the price is
defined by the next section.
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a. t NAOAY3 2F Ftdzi2z 3ISYSNI i2NBRQ &dzNLX dza
At the end of each billing period, the energy surplus will be recognized as energy
credits according to the following rules:

Auto generators with installezhpacity equal or below 0.1 MW

a) The surplus injected below the importations will be permuted for the
importation during the billing period. For this surplus the auto generator will
pay the commercialization cost which is the parametar ;; in the
resolution 119 of 2007.

b) The surplus injected above the importations on the billing period. This
surplus will be paid at the corresponding pool price.

Auto generators with installed capacity above 0.1 MW

a) The surplus injected below the importations will be permuted for the
importation during the billing period. For this surplus the auto generator will
pay the commercialization cost which is the parameder ; plus the
system service represented withhe summation of the parameters
"YHO ; W'Y ; 77 @& '@  defined in the resolution 119 of 2007. Between
unregulated users these parameters are accorded between the parts.

b) The surplus injected above the importations on the billing @eriThis
surplus will be paid at the corresponding pool price.

b. LYF2NXFEGAZ2Y (2 GKS Idzi2z 3ISYSNI G2NDA
It is responsibility of the marketer the liquidation and billing, including detailed
information about the energy consumption, exportations, = among othes, according
the article 18 of the CREGO030. This information depends on the installed capacity as follows:
1) For the auto generator using nesonventional renewable energies with an
installed capacity equal or below 0.1MW

WORF R O WAk R O rrn 20 Yapm OwPMrrr 200 gy

WORR 1 O WPk i OM rhrr 20 ¥ j i
OwPhnr 20V Ry O WPIRA /
2 Of OYhRr Y
OwQq frrr 200 j
FoOBE

3) For the auto generator not using naonventional renewable esrgies
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Where,

‘Marketer i

‘Marketer market j

¢ Level of voltage n

"QHour h

& Month m

"QBilling period f

"o Is the hour when the surplus exceeds the electrical imports in the billing
period 1. H is the total hours of the billing period.

WOg ki Surplus value in $ for the period f. This represents income when is
bigger than zero.

OwMrrr  Summation of all the exportations in the period in kW. This
parameter can gevalues between 0 an®d) ;r, i

Od rrn Summation of the energy imports from the auto generators for
each hour of the period-1.

67Y rr Unitary cost for the service delivery in $/kWh according to the
resolution CREG 119 #007. In case there are naegulated users this parameter
should be an agreement between the parts.

00  Commercialization margin in $/kWh according to the resolution CREG
119 of 2007. In case there are noggulated users this parameter should be an
agreement between the parts.

Owq)rirn  Exportation delivered by the auto generator during eaokir
of the period {1 in kWh, this parameter get ovéd s, i

06 Pool hourly price on the period1f, if this does not get over the
shortage price. If this parameter gets over, the value shall be the shortage price.

i Restriction cost of the system defined by the resolution CREG 119
of 2007.

O ;1 fp This parameter is equal to the variableY ; ; 6 0 YO O
defined in the resolution CREG 119 of 2007.

“Y Cost for using the transmissionssgm in $/kWh according the resolution
CREG119 of 2007.

O Cost for using the distribution system in $/kWh according the
resolution CREG119 of 2007.

0'Y ; rr Buying, transport and reduction of losses cost in $/kWh.

Y 1 Cost of restricbns and services associated with the generation in
$/kWh.
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OWNrrnr Hourly exports of the auto generator on the periedl in kWh.
This parameter is equal to the summation®@fop] O wQq)
C. Commercialization summary
The commercialization tes established incentivize the auto consume since the
price paid for the energy generated is approximately 90% of the imported energy cost if the
energy generated is equal or below the energy imported. The extra 10% corresponds to the
cost of commercialetion. Once the energy exported is bigger than the energy imported
the system treats the operator as any generator paying it at the pool market. The pool
market price rounds the 40% of the energy cost of the user.

This measure tries to incentivize the autonsume giving a high sell price when the
energy exported is equal or lower than the energy imported and then reducing drastically
the price for the surplus. Alsthis measurs does not take away the marketers hness
since they are still receiving tteommercialization price. Finally, the system operator shall
observe an improvement in the energy transport.
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8. Models Seup

8.1.Modelling the Brazilian Network

In order to propose solutions considering the main network and micro grids, the
evaluation of he Brazilian network is necessary. Considering the size and detailing of the
National Interconnected System, to model the entire system proved to be impractical.

The data of the system can be obtained on the Transmission System Operator (TSO)
website [. A software called ANAREDE [11], developedCbpelc (Electrical Energy
Research Center), and is the most used by the Brazilian entities in order to analyze power
systems in the steadstate regime. Through the files destined to the ANAREDE, the TSO
makes available the data referred to the National Interconnected System (SIN). As the
ANAREDE is a commercial software used by energy entities and companies, the expectance
remains on the academic license, which is not reasonable due to the limitations dfemum
of buses. Therefore, the solution proposed is use an open program as MATPOWER,
presentedin the Annex of this workHowever, there is the incompatibility between the
input data of each program. An alternative for converting, at least partially, ond filg in
another, was proposed [12]. A computational tool developed in Excel using the Visual Basic
for Applications (VBA) was deployed in order to facilitate the conversion of the files and
consequently the analysis of the Brazilian main grid in opegrams such as MATPOWER.

The full data regarding the entire Brazilian Grid (SIN) obtained in ANAREDE format file
was composed of 6604 buses, 9731 branches and 700 generators. The conversion to the
MATPOWER filenf or .mat) was performed but the size of the represented grid and the
unfeasibility of evaluating in detail the whole system turned it impossible to analyze all the
reasons for the nowonvergence of the power flows. Because of this, alternatives were
sought in or@r to have a more reliable and trustful model of the National Interconnected
System.

One relevant thesis work [13] designed four differequivalentmodels (with 16, 33,
65 and 107 buses) created from extracted data of the Brazilian network, considsring
topologies and complete relation with its electric parameters. The model that most suits
our proposal would be th&07buses model, depicted in the Figus@, encompassing many
important circuits of the south, soutbast and center areas of the Braenil grid.
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Figure.50. Equivalent system with 107 buses [13].

8.1.1. Relation between input data

The data used to design the model were obtained from the TSO and compiled together
in the appendices of the thesis work [13], nanf®@@B107. The elemental correspondence
between the presented data similar to ANARED#e format and the MATPOWER input
data, was performed following the previous work [12he correspondence for each field is
given in the TableXIl Xlland XV.
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Bus Data
Name Column Description Correspondent
BUS_I 1 Bus number (positive integer)  Set according to the bus identification numbers in the
section A-5.1, column 1 from the data report STB107.
BUS_TYPE 2 Bus type (1 =PQ,2=PV,3=  Setaccording to bus classification from ANAREDE
ref, 4 = isolated) format extracted from the section A-5.1, column 3 from
the data report STB107.
PD 3 Real power demand (MW) Set according to the section A-5.5, column 4 from the
data report STB107.
QDb 4 Reactive power demand Set according to the section A-5.5, column 5 from the
(MVAr) data report STB107.
GS 5 Shunt conductance (MW Set according to therastectii
demanded atV = 1.0 p.u.) column 12 from the data report STB107.
BS 6 Shunt susceptance (MVAr Set as zero.
injected at V = 1.0 p.u.)
BUS_AREA 7 Area number (positive integer)  Set according to the section A-5.1, column 7 from the
data report STB107.
VM 8 Voltage magnitude (p.u.) Set according to therrasoectii
column 5 from the data report STB107.
VA 9 Voltage angle (degrees) Set according to therastectii
column 6 from the data report STB107.
BASE_KV 10 Base voltage (kV) Set according to the section A-5.1, column 4 from the
data report STB107.
ZONE 11 Loss zone (positive integer) Set as one.
VMAX 12 Maximum voltage magnitude Set according to the section A-5.1, column 5 from the
(p.u.) data report STB107.
VMIN 13 Minimum voltage magnitude Set according to the section A-5.1, column 6 from the
(p.u.) data report STB107.
LAM_P 14 Lagrange multiplier on real Set as zero.
power mismatch (u/MW)
LAM_Q 15 Lagrange multiplier on reactive = Set as zero.
power mismatch (u/MVAr)
MU_VMAX 16 Kuhn-Tucker multiplier on Set as zero.
upper voltage limit (u/p.u.)
MU_VMIN 17 Kuhn-Tucker multiplier on Set as zero.

lower voltage limit (u/p.u.)

Table. XI. Bus Data correspondence with STB107.

112



Generator Data
Name
GEN_BUS

PG
QG
QMAX

QMIN

VG

MBASE
GEN_STATUS

PMAX

PMIN
PC1

PC2
QCIMIN
QC1MAX
QC2MIN
QC2MAX
RAMP_AGC
RAMP_10
RAMP_30
RAMP_Q

APF

Column

1

2

3

10
12
13
14
16
17
18
20

21

Energizatio strategies fordevelopingcountries

Description
Bus number

Real power output (MW)
Reactive power output (MVAr)

Maximum reactive power output (MVAr)

Minimum reactive power output (MVAr)

Voltage magnitude setpoint (p.u.)

Total MVA base of machine, defaults to baseMVA
Machine status:

> 0 = machine in-service

OO0 = machine out-of-service

Maximum real power output (MW)

Minimum real power output (MW)

Lower real power output of PQ capability curve (MW)
Upper real power output of PQ capability curve (MW)
Minimum reactive power output at PC1 (MVAr)
Maximum reactive power output at PC1 (MVAr)
Minimum reactive power output at PC2 (MVAr)
Maximum reactive power output at PC2 (MVAr)
Ramp rate for load following/AGC (MW/min)

Ramp rate for 10 minutes reserves (MW)

Ramp rate for 30 minutes reserves (MW)

Ramp rate for reactive power (2 sec timescale)
(MVAr/min)

Area participation factor

Correspondent

Set according to the section A-5.7f Ger a- « 0
Pot ° nci,xoluinh 1 from the data report STB107.
Set according to
column 7 from the data report STB107.
Set
column 8 from the data report STB107.
Set according to the section A-5 . 7
Pot °nci a
STB107.

Set as negative value according to the section A-5.7
iGera-«ondieaPReédtivao,
report STB107.

Set according to
column 5 from the data report STB107.

Set as the Power Base of the system (100 MVA).
Set as one (1) for machine in-service and zero (0) for
machine out-of-service.

Set according to the section A-5 . 7
Pot°ncia Ativao,
Set as zero.

Set as zero.

Set as zero.

Set as zero.

Set as zero.

Set as zero.

Set as zero.

Set as zero.

Set as zero.

Set as zero.

Set as zero.

col umn

Set as zero.

Table. XII. Generator Data correspondence with STB107.
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Branch Data

Name Column Description Correspondent

F_BUS 1 Aifrom" bus number Set according to the i f r bumidentification number in
the section A-5.2, column 1 from the data report STB107.

T_BUS 2 ito" bus number Set according to the i t lu®identification number in the
section A-5.2, column 2 from the data report STB107.

BR_R 3 Resistance (p.u.) Set according to the section A-5.2, column 6 from the
data report STB107, transformed from percentage to p.u.

BR_X 4 Reactance (p.u.) Set according to the section A-5.2, column 7 from the
data report STB107, transformed from percentage to p.u.

BR_B 5 Total line charging susceptance (p.u.) Set according to the section A-5.2, column 8 from the
data report STB107, considering the power base.

RATE_A 6 MVA rating A (long term rating), set to O for unlimited Set according to the section A-5.2, column 9 from the
data report STB107, considering the normal condition.

RATE_B 7 MVA rating B (short term rating), set to 0 for unlimited Set as zero (unlimited).

RATE_C 8 MVA rating C (emergency rating), set to O for unlimited Set according to the section A-5.2, column 10 from the
data report STB107, considering the emergency
condition.

TAP 9 transformer off_ nominal turns ratio, (taps at Setaszerototransmission lines. For the remaining

i mpedancéus)at fAtoo casesit i s set according to
Linhaso, column 4 from the

SHIFT 10 transformer phase shift angle (degrees) Set as zero.

BR_STATUS 11 initial branch status, 1 = in-service, 0 = out-of-service Set as one.

ANGMIN 12 minimum angle difference, . — (degrees) Set as -360°.

ANGMAX 13 maximum angle difference, -, — (degrees) Set as 360°.

PF 14 Re al power injected at @fr Setaszero.

QF 15 Reactve power injected at Af Setaszero.

PT 16 Real power iinjected at At o Setaszero.

QT 17 Reactive power i nj BVYAr)ed at Setaszero.

Table. XIIl. Branch Data correspondence with STB107.

8.2.Modelling theColombian Network

With the objective of a consistent and reliable model of the Colombian electrical
network, it was searched through marliesesworks for an already designed model.
However, in the major part of the works the technical data was not available or only partial
shared, by the reason of confidentiality that the candidates agreed with the Colombian

electrical entities.

Some entities of the Colombian electrical sector, among them the- Kigmpany of

OELISNI A& Ay al NypSGa Ay

| 2 t 2PECERdArg@Nining Pl&n@ingNRA O A (i

Unit, provide relevant information, in which it is possible to have a general panorama of the
Colombian system. The map of the National Transmission System is provided by the UMPE
[17] and shows the topology and electrical netlw@rganization bthe country. It is given

in the Figureés1 and it is possible to see that the main loads are located in the central area

and how the production zones are connected.
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Figure.51. Colombian National TransmissidBystem in 2016 [17].

The national transmission system in Colombia is composed of lines of 220 kV, which

constitute the major part of the system and 500 kV, which consists in a ring topology
connecting the northern and the central areas. The main impdrggmeration sources in
Colombia are the Hydro power plants, around 70%, and the Thermal Power plants from Gas,

around 10% and Coal, around 7.5% [17].
Considering the partial data that is available by the Colombian electrical entities and

the academi@xperience for modelling systems without all the parameters availability, it is
possible to design the Colombian network performing some assumptions and estimations.
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Based on the works in the area of Synthetic Networks [18, 19], some parameters were
estimaed following the methodologies adopted.

Firstly, assuming the line diagram of the Colombian Transmission System provided
by UPME [17], the numbering of the buses was performed. It is a system composed of 118
buses, 240 branches in which 16 are of 5@@kd 30 generators. In the Fig&2it is shown
the line diagram.
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Figure.52. Line diagram of the Colombian Transmission System [17].
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As the model is design to be run in the MATPOWER format file, the bus, branch and
generator data field need to be detailed.

The bus field, as described before, is composed of information regarding each bus of
the system and this data was not availableedio confidentiality. A methodology is
proposed in order to estimate the demand in each bus.

Il OO2NRAY3I (2 GKS RFEGF FTNRY (GKS [/ 2t2Y0Al yQ3
know the participation of each Colombian magegion in the total demandof a specific
year. For the year 2017 the participation in the main populated maegons of Colombia
is given by the Tablehighlighting the regions dZentroand Costa Atlanticahat together
O2NNBalLl2yRa (2 Y2NB (KlIy (GKS KIFIfF 2F (KS 02dz

Region Participation [%)] Demand Participation

[MW]
Centro 26.14 256962.381
Antioquia 14.57 143206.4913
Costa 25.05 246232.957
Atlantica
Valle 11.03 108448.8293
Oriente 11.05 108562.5743
COR 4.24 41633.77995
THC 4.39 43162.32554
Sur 3.06 30028.67542
Choco 0.39 3789.421888
Guaviare 0.09 872.5642505

Table. XIV. Demand participation for each department [20].

Each macraegion is controlled by one network operator and can be divided in states
known as departments in Colombia. In order to perform a more accutatgion of the
load, it was computed the population of each department that composes the magion.
Then, considering the demand of a macegion and the total population of the
department that is inside this macnegion, it is possible to divide poortionally the
demand for each department. Based on a map in Fig®that depicts the network and
the divisions in departments, the partition of the total load for each department by the
number of buses that are inside it is performed. All the busesdhainside the department
have the same amount of load demand except the generation buses that eventually are
inside the department. In the case of reactive demand, the value was based on the Synthetic
network works [18, 19], based on the average reatiemand per capita employed and
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set proportionally to the Colombian demand per capita. The limits of voltage were set
according to the Colombian General Resolution of Energy [16].
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Figure.53. Colombian Transmission Systemdudepartments [17].

The Branch data is even more sensitive than the Bus data in the context of security of
the grid. In order to estimate the transmission line parameters (resistance, reactance and
charging susceptance) it was adopted the methodology gaveed on [18]. The length of
the transmission lines was estimatednsideringthe map and the respective scale. The

transmission line types were chosen based on the technical catalogue [5] and are displayed
in the Table Xl.
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TLof 230kV - |TL of 500 kV -
Characteristics Aluminum cable [Aluminum cable

ACSR ACSR
Code Word Starling Thrasher
Circular Mils [kemil] 715 2312
Resistance 500, 60Hz [ohm/km] 0.089601726 0.02995009
Reactance, at 1 feet spacing [ohm/km] 0.251655338 0.21250894
Shunt capacitance Reactance [Mohm/km] 0.05766324Y 0.0476591]
r0 (outer radius - conductor) [m] 0.013345 0.022884
Geometric mean radius [m] 0.01082 0.01813
| MAX [A] 840 1380

Table. XV. Transmission lines characteristics [5].

Other important data to estimate the transmission lines parameters refers to the
frequency of the system (60 Hz), Permittivity of free space (8.85418782'%milkg
1t A?), geometric mean distanc&MD (12.6 m), Bundling distance (0.4 m), clearance
phaseto-phase (10 m) and geometric mean radi@VIR for bundled conductors
(O =0.08515867mnd0 =0.095676538).

The resistance of each transmission line is given by:

y L
IR

Where,r is the resistance per knh,is the distance in km and is the number of
conductors per bundle (1 for conductors of 230 kV and 2 for conductors of 500 kV). In the
case of reactance for each transmission line, it is given by:

O ¢" "D T TINR

Where fis the frequency of the systerhis the inductance ik/m andl is the distance
in km.
Lastly, the charging susceptance of the transmission lines is given by:

0 ¢* "I It
Where,f is the frequency of the systengis the Capacitancan F/m and| is the
distance in km. Then, the parameters are converted to per unit based on the base

impedances, wherep L ¢ ) for the lines of 230 kV and® ¢ v mytfor the
transmission lines of 500 kV. The transmission lines capacity is given by:

D wo Modo J0 Qo
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Where,"O is the maximum current carrying capacity, the voltage on the line
andb is the number of conductors per bundleor the cases of transformers, a commercial
model of 672 MVA was selected, based on the Brazilian equivalent grid equipment.

In relation to the Generator data, some information was available inrédports
presented by the XM Company of Experts in MadketA y [/ 2f 2 Yo Al Qa St SOG NA
The main generators connected to the National Transmission System had their hourly
production presented in the mentioned reports. Based on this, the power generated could
be estimated. The installed capacity of thrajority of power plants was also available in
the reports and the minimum power production, when unknown, was set to zero as
suggested in the works of synthetic network [18he generator reactive power curve was
based on the power factor of 0.9 both foverexcited andunder-excited scenarios. The
proportion related to the real power was 0.48432.

8.3.Scenarios

There are many factors, which determine the characteristics of the demand of a
country. For instance, economic growth, day of the week, number gfiglg hours,
demographic parameters, weather conditions and so on. In order to better evaluate the
electrical aspects of the networks in Brazil and Colombia, it was obtained the demand
historical values in the interest of creating different scenarios ating to the maximum
and minimum demand in the summer and winter. According to these values, it was built
four case scenarios for each coungysummer Peak, Summer @f¢ak, Winter Peak and
Winter Offpeak.

Analyzing the demand historical data, considgrthe summer and winter periods of
each country, it was possible to search for the maximal and minimum values in each year.
Thus, the average of the values is considered in order to build the scenarios. The chosen
reference scenario was the Summer Peakegaand the resultant other scenarios were
obtained from the multiplication by the scaling factor according to the average values. An
example of the load curves considered is showed on the Figdrevhich refers to the
Brazilian Interconnected System (Bl the summer of 2016. It is possible to identify the
peak value of 81.999 GWh/h on" February 2016 at 3:00 PM and the-pffak value of
45.916 GWh/h on<tJanuary 2016 at 7:00 PM.
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Figure.54. Brazilian Load Curve summae of 2016 [9].

8.3.1. Brazilian Scenarios

Brazil, as a continental country, has different economic conditions and weather
characteristics that varies according to the region. Nonetheless, it is possible to consider
general main features at least in the two extremal seasons, summer and winter. As a
tropical country, even in the winter season the temperatures do not fall considerably in the
major part of the regions. In the summer, there is a predominance of the high temperatures
even in the most southern parts. Temperatures normally around 40 dedteésius impose
great effort on the electrical system, in order to generate and dispatch the necessary
amount of energy. Further than the normal demand, these high temperatures cause an
overload mainly due to acclimatization appliances.

The data is bagkon the historical demand available on the Brazilian TSO website [9].
Considering the interval of years from 2011 to 2016, a growth of consumption occurred but
the proportionality among the four scenarios maintained practically the same in all the
years aalyzed.

It is presented by the TableVH, the data referred to the maximum and minimum
demand considering the periods of summer and winter, month and year registered and the
ratio in comparison with the reference scenario (Peak summer). The averags wdlthe
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yearly comparison from Peak summer case is obtained (0.§ (¥8peak summer, 0.9189
¢ Peak winter, 0.4955 Offeak winter) and therefore used to build the four scenarios
referred to the Brazilian network.

Brazil - Scenarios
Peak Summer Off-Peak Summer Peak Winter Off-Peak Winter
Maximum Minimum Maximum Minimum

demand Month/ |demand Month/ [Comparing to  |demand Month/ |Comparing to  [demand Month/ |Comparing to

Year [Gwh/h] Year |[Gwh/h] Year |Peak Summer |[[Gwh/h] Year |Peak Summer |[Gwh/h] Year |Peak Summer
2016 81.999 Feb-16 45.916 Dec-1§ 0.560Q 73.367 Sep-1§ 0.8947 40.626 Aug-16 0.4954
2015 84.525 Jan-1§ 41.50% Dec-14 0.491Q 75.343 Sep-1§ 0.8914 38.611 Jul-15 0.456¢
2014 84.92 Feb-14 42.553 Dec-13 0.5011 73.34 Sep-14 0.8634 39.867 Jul-14 0.4695
2013 77.609 Mar-13 40.839 Jan-1 0.5262 72.991 Sep-1 0.9405 39.801 Jun-13 0.5129
2012 76.044 Feb-12 37.027 Dec-11 0.4869 72.482 Sep-12 0.9537 38.783 Aug-12 0.510(
2011 70.661 Feb-11 36.141 Dec-10 0.5115 68.547 Aug-11 0.970Q 37.333  Jul-11 0.5283
Averagg 0.512§ 0.9189 0.4955

Table. XVI Brazilian Scenarios and comparison with the Peak summer case.

8.3.2. Colombian Scenarios

In Colombia as the major part of the country is located on the northern hemisphere,
makes the summer in the period from June to September and winter from December to
March. As the country is located entirely in the central part of the tropical zone, the weather
seasons do not distinguish substantially, therefore similarities between the Peak summer
and Peak winter, and between @ftak Summer and Offpeak Winter scenaios are
expected.

The data used to build the Colombian scenarios was collected based on the reports
LNBaSyiSR o6& (GKS -a /2YLIlyeée 2F 9ELINI& Ay al
The period considered was the interval from 2015 to 2017 anditita was the assemble
of the hourly production of each generator in order to produce the day curve and formerly
evaluate the behavior in each season. In this case it was used generation data instead of
demand by reason of confidentiality in some partsf@ & 2 dZNOSQa 6So6aAdiSao L
the target in the two cases (Brazilian and Colombian) is analyze and compare the differences
between the scenarios, generation or demand will provide the same proportionality.

In Table Xill it is shown the data referred to maximum and minimum generation
considering the periods of summer and winter, period of the year and the ratio related to
the comparison with the Peak summer scenario. The average values of the yearly
comparison from Pealusnmer case is obtained (0.54¢ff-peak summer, 0.987§Peak
winter, 0.4808 Ofpeak winter) and therefore used to build the four scenarios referred to
the Colombian network.

123



Energizatio strategies fordevelopingcountries

Colombia - Scenarios
Peak Summer Off-Peak Summer Peak Winter Off-Peak Winter

Maximum Minimum ComparisolMaximum Comparison [Minimum Comparison

generation |Month/ |generationMonth/ |to Peak generation|Month/ |to Peak generation |Month/ [to Peak

Year [Gwh/h] Year [[Gwh/h] |Year |Summer |[Gwh/h] |Year |Summer [Gwh/h]  |Year |Summer
2017 9.841 Sep-17 5.488 Jul-11 0.5577 9.843 Dec-1§ 1.0002 4.567 Jan-17 0.4641
201§ 9.877 Aug-16 5.33 Jul-16 0.5396 9.931 Mar-16 1.0055 4.958 Jan-1¢ 0.5020
2015 10.006 Sep-1% 5.449 Jul-15 0.54446 9.575 Feb-15 0.9569 4.766 Jan-1% 0.4763
Average 0.547 0.9875 0.480§

Table. XVIL Colombian Scenarios and comparisetith the Peak summer case.

8.4.Network Models and Adjustments

The network models of the Brazilian and Colombian systems were developed in
order to simulate the insertion of micro grids in the national systems. Therefore, it is
necessary to have a voltageaofite of the whole system that follows the steadiate
technical rules in conformity with the grid code of each country. Considering the voltage
profile presented, it was necessary to add in the models some shunt capacitors and shunt
reactors in order tmbtain a more flat and stable voltage profile. Additionally, tap changes
were performed in order to intervene in critical areas of the system, where the transformers
were located.

8.4.1. Brazilian Network Models

The first scenario considered was the Brazilian Summer Peak due to the highest load
demand, making it the worst case among the Brazilian scenarios. In the initial simulation,
which the voltage profile is depicted in Figuss, the voltage values in many bes were
clearly above the Adequate (voltage between 0.95 and 1.05 p.u.) and Precarious (voltage
between 0.93 up to 1.07 p.u.) classification. It is possible to highlight the three greatest
values, which were bus 4501 with 1.283 p.u., bus 231 with 1.26%pd bus 106 with 1.254

p.u.
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BRAZILIAN PEAK SUMMER - VOLTAGE PROFILE
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Figure.55. Initial voltage profile of the Brazilian Peak Summer scenario.

In order to understand deeply how the grid was performing it was also executed the
Fylrfeara 27F 0KSFoatBisréasSow, ha analidis ®sideFetl thesddections
of the power flow and the specially the amount of reactive power in order to better place
the shunt reactors. In the FiguB&it is possible to see the flow and the quantity of power.
There are manyranches with a critical transfer of reactive power, for instance it is being
injected around 882 Mvar through the branch between the buses 122 and 86. Another case
is related to the transfer of 984 Mvar through the branch between the buses 101 and 100.
Smilar cases were throughout some parts of the grid but on a smaller scale.
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Figure.56. Power flowing on the Brazilian network.

As the problem in general is related to the overvoltage profile, it is necessary to
absorb reaave power in order to reduce the voltage magnitude. For this reason, the
insertion of shunt reactors is suggested. In order to find out the nominal value of the shunt
reactance that could be deployed, it is inserted an initial experimental value and frem t
resultant behavior it is progressively increased or reduced aiming to get a flatter profile for
the bus and the surrounding buses.

For example, in the case of the branch between the buses 122 and 86, is depicted in
more details in the Table XI
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— — P

Branch | From To From Bus(lgnjectlon LTO Busclgnjectlon |PLoss (I 2 Z)
B B

number | Bus us | PIMWI 1 van | imwg | Mva | iw] | [MVAY

203 122 86 -26.18 441.72 26.18 | -413.22 |0 28.5

204 122 86 -26.18 | 441.72 |26.18 |-413.22 |0 28.5

Table. XVIIl Detailed result of the power flow, between buses 122 and 86.

The insertion of the shunt reactance and the consequently reduction in the reactive
power flowing in the branch is shown in Fig&g where initially the reactivpower flow
in the branch with no shunt inserted. Then, the insertion in the bus 122 and the progressive
increase in the nominal value varying from 0-605 Mvar and the consequent absorption
of the reactive power that was flowing from the bus 122 to thes 86. The outcome is a
reduction in the voltage magnitude from 1.13 to around 1.07 in the bus 122, just in the first
intervention. Moreover, the surrounding buses (buses 86, 103 and 895) that were
connected to the bus 122 suffered also a reduction intbkage magnitude. The Figus&
and58 depicts the shunt reactance insertion.

883.44
788.9
702.36
619.08

538.92

387.42

Q FROM 122 TO 86 [MVAR]

I /61.74

-205 -305 -405
SHUNT REACTANCE [MVAR]

-505

Figure.57. Reactive Power flow from bus 122 to bus 86 with shunt reactance increment.
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| V| Voltage Magnitude
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Figure.58. VoltageMagnitude in the buses 86, 103, 122 and 895 with shunt reactance increment.

Another focus of high reactive power flow and high voltage profile is in the bus 104
and nearby buses (103, 106 and 1503) detailed in Table XX.

Bus 122 with Bs = -605 Mvar and bus 104 with Bs= 0
— — ~
Branch | From | To From Bus In(j?ectlon To Bus Injeglon :;OSS ( é Z)
number | Bus | Bus | PIMWI | vag | PIMWE | avar | [Mw] | MVAT
8| 103 104 199.8 | -432.78 | -198.18 91.62 | 1.617 25.58
9| 104 | 1503 -410.69 103.47 411.35 | -193.62 | 0.657 10.77
84| 106 104 14.07 | -118.71 -14.06 | -179.65 | 0.012 0.19
85| 106 104 14.07 -119 -14.06 | -179.94 | 0.012 0.19

Table. XIX Detailed result of the power flow, nearby bus 104.

The progressive insertion of the shunt reactance in the bus 104 varying from 0 to
400 Mvar, reduced substantially the voltage magnitude. For instance, the bus 106 that had
a voltage magnitude of 1.21 p.u. decreased to 1.1 p.u.
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Figure.59. Reactive Power flow from bus 103 to bus 104 with shunt reactance increment.
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Figure.60. Voltage Magnitude in the buses 103, 104, 106 and 1503 with shunt reactance increment.

Another procedure deplyed in order to improve the voltage profile is referred to
tap changes. It is not as efficient as the shunt reactance insertion, but it has satisfactory
results considering that it does not incur any costs to implement in real grids. For that
reason, itwas performed in the Transformer between buses 964 and 965. The information
related to the transformer characteristics, as the number and the values of the taps, were
available in the Brazilian model STB107 [13]. The tap variation was from 0.9717 t0.1.0333
It is necessary to increase the tap in order to reduce the voltage in the lower voltage side
(bus 965). It is shown in the Figwgthe reduction in the voltage caused by the tap change
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in the transformer located between the buses 964 and 965. Clettwdybus 965 voltage
magnitude had a strong decrease from 1.12 to 1.05 p.u., however, the reduction in the
nearby buses was insignificant.

1.14
1.12
(4]
=]
|
= 1.1
[-1s]
(18]
=
- 1.08
[=T4]
£
S 1.06
>
1.04
1.02
964 965 976 995 955
mTap 09717  1.098 1.127 1.074 1.059 1.082
mTap 10333  1.097 1.058 1.072 1.058 1.082

Figure.61. Comparison of the voltage magnitude in the buses 955, 964, 965, 976 andvi3ap change.

Another case was performed with the transformer located between the buses 938
and 939. Again the rise in the tap change, from 0.9586 to 1, in order to reduce the voltage
magnitude in the lower voltage side. The outcome is a reductighervoltage magnitude
in the bus 939 and 1015, but a slight rise in the bus 938 as shown in the 6&jure
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1.13
a
= 1.12
b~
) 1.11
(1]
=
) 1.1
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-
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938 939 1015
m Tap 0.9586 1.092 1.134 1.112
mTap 1.0 1.099 1.096 1.088

Figure.62. Comparison of the voltage magnitude in the buses 938, 939 and 1015 with tap change.
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Successive similar intentions were performed with the same procedure in order
to obtain flatter voltage profile in the other three scenarios as well.

The final voltage profile for the four scenarios are depicted in: Fi§8depicts the
Brazilian Peak Summer voltage praofilggure64 depicts the Brazilian Offeak Summer
voltage profile, Figur®5 depicts the Brazilian Peak Winter voltage profile and Figére
depicts the Brazilian Offeak Winter voltage profile. The main target of the voltage
improvement was attend the tehnical rules of the Brazilian grid code, determined by the
TSO, in conformity with the voltage levels of the transmission lines modelled. All the buses
in the four scenarios remains between the thresholds of 0.95 p.u. and 1.05 p.u., which is
called in theclassification as adequate operation.
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Figure.63. Voltage profile of the Brazilian Peak Summer scenario after the solutions proposed.
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Figure.64. Voltage profile of the BraziliaOff-peak Summer scenario after the solutions proposed.
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Figure.65. Voltage profile of the Brazilian Peak Winter scenario after the solutions proposed.
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Figure.66. Voltage profile of the Brazilian Offeak Winter scenario after the solutions proposed.

8.4.2. Colombian Network Models

In the Colombia case, the resultant neflat voltage profile, after the modelling
procedure, shown voltages below the bottom critical values, which according to the
Colombian technical rules is 0.9 p.u. In contrast to the Brazilian cases, the problems in the
modelled Ctombian scenarios are in general related to under voltage situation. In order to
solve this problem, it is necessary to insert shunt capacitors for the sake of injecting reactive
power, therefore, increasing the voltage magnitude on certain buses. Furtiresntap
changes were also used.

Considering the first model of the Colombian Peak Summer scenario, which the
voltage profile is depicted in Figu6g. It is shown some critical buses such as bus 1 with
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0.78 p.u. and bus 44 with 0.86 p.u. The methodtfe assessment and insertion of shunt
capacitors wassimilar performed in the Brazilian cases. Running the power flow and
resulting in the voltage profile, it is possible to evaluate the critical buses, applying the
solutions of insertion and tap changes.
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Figure.67. Initial voltage profile of the Colombian Peak Summer scenario.

The voltage profile regarding the four scenarios of the Colombian model are
presented in: Figuré8 shows the Colombian Peak Summer voltage profite varies from
0.971 p.u. (bus 14) up to 1.002 p.u. (bus,88gure69 shows the Colombian Qffeak
Summer voltage profile thataries from 0.988 p.u. (bus 14) up to 1.004 p.u. (bus,116)
Figure70shows the Colombian Peak Winter voltage profile teies from 0.972 p.u. (bus
14) up to 1.004 p.u. (bus &nd Figure71 shows the Colombian Offeak Winter voltage
profile thatvaries from 0.982 p.u. (bus 1) up to 1.004 p.u. (bus ARXhe scenarios are in
conformity with the technical rules dfteadystate voltage magnitude contained in the
Colombian Resolution. Comparing the parameters of voltage magnitude in the Brazilian and
Colombian grid code it is clear that the Colombian allows a more flexible voltage profile
(from 0.9 to 1.1) Nevertheless, the four scenarios of each country are within the limits for
the both technical rules.
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COLOMBIAN PEAK SUMMER - VOLTAGE PROFILE
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Figure.68. Voltage profile of the Colombian Peak Summer scenario after the solutions proposed.
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Figure.69. Voltage profile of the Colombian Offeak Summer scenario after the solutions proposed.
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Figure.70. Voltage profile of the Colombian Peak Winter scenario after the solutions proposed.
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Figure.71. Voltage profile of the Colombian Offeak Winter scenario after the solutions proposed.
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9. Results

9.1.Transmission lines results

9.1.1. BraziliarNetwork¢ Load Increment
l. Results from Progressive Load Increment bas&édtahLoad
In order to analyze the Brazilian system within the load increment scenario it is
presented in the TablXX the total load amount for the four scenarios, regarding the total
load.

Brazilian Total load Total load
Scenarios [MW] [Mvar]
PeakSummer 8877.19 2518.25
Off-peak

Summer 4552.05 1291.31
Peak Winter 8157.34 2314.05
Off-peak Winter 4398.56 1247.77

Table. XX Total load regarding the Brazilian scenarios.

It is considered for the simulation, the mastterminant scenario, which is the Peak
Summer, by the reason of being the most loaded case it constraints all the other scenarios
and, in a sense, determine the whole system load increment.

As it was stated previously in the methodology, after the first simulation, the
evaluation of the results will define the next values of the load increment. For instance,
whether the voltage profile did not change substantially after the first load incréntes
possible to go to the next simulation with the defined value. However, if the changes were
significant, it is more prudent to choose smaller values in ordemerstandbetter the
behavior of the network. Therefore, after analyzing the firstidation results regarding
those areas in the Brazilian network it was decided to perform the load increment with
smaller values. The TabtXl) displays the selected buses and their respective load for each
increment, increasing by 0.1% of the total load.
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Table. XXl Load increment values considered in the Brazilian Peak Summer.

Thus, the simulations were performed with the values considered for the buses of
the area of Mato Grosso. The Figdepicts the voltage profile of the whole system with
different Increment percentages, all the voltage profiles were normalized by thage
values of the nosincrement case. It is possible to notice that the area of Mato Grosso in
general was strongly affected, in terms of voltage magnitude fall. It is possible also to
highlight that two buses 4582 (Sinop county) and 4562 (Sorriso cppregented the worst
results, with 0.751 p.u. and 0.775 p.u, respectively.

BRAZILIAN GRID - PEAK SUMMER - NORMALISED VOLTAGE

NORMALISED TO VOLTAGE - NO INCREMENT

BUS NUMBER

Figure.72. Comparison of the voltage profile normalised in different load increments.

Focusing on the voltage magnitude in the selected buses, aalysing the results
presented in the Figur&3, it is possible to notice that the most affected bus is the 4582
(Sinop), since the first simulation. Moreover, with 0.2% of load increment the bus 4582 is
on Critical operation state with 0.927 p.u. and 4562n precariousoperation state with
0.94 p.u., therefore it is possible to declare that technically after 0.2% of load increment
there are some buses breaking the technical constraints. For further load increments,

137



Energizatia strategies fordevelopingcountries

reaching the final value of 0.5%, #fle selected buses operate out of the Adequate
operation condition, with the exception of the bus 4862 that remains practically flat and
bus 4542 that fell to 0.951 p.u. which is in the limit to be considered in an Adequate
condition.

Another importantpoint is that the worst voltage situation regards the bus 4582,
which is the last bus of a radial transmission line. This reinforces the conception of the lack
of stability and security regarding radial structures.
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— 4862 1011 1.009 1.006 1.003 0998

Figure.73. Voltage magnitude of the selected buses throughout the simulations.

Analyzinghe line loading with different load increment applied in the Figéde it
is noticed that in general the loading in the branches does not change considerably with the
load increment. The exceptions are the branch 93, which alter from 0.675 to dangerous
0.972 and branch 94, changing from 0.7166 to 0.920.
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Figure.74. Line loading according to the increment.

Figure75 depicts the most loaded branches cited. Located in the beginning of the
radial transmission line, it is an important impediment for the load growth on the regions
and counties fed bthis transmission line.
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Figure.75. Most loaded Branches in Brazilian network.
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Il. Results from Progressive Load Increment based on the Regional Growth
In order to evaluate the regions scenario with a realistic approach, it was assumed
the regional growth of the region in the last years. In Mato Grosso state, considering the
flrad &SHFNDa SySNHe O2yadzYLliAzy 3AINRPg@KI GKS
unusual value if compared with the previous years. However, use this value improves the
analysis with the adoption of the worst scenario.

In the TableXAll, it is presented the data regarding the values for each bus in the
original scenario of theummer peak and the respective projection of each year based on
the growth of 6.81%.

5.18 17.8( 19.00] 5.91 20.3d 6.74 23.17

126  4.48 1346 479 143 511 153§ 546 164d 5.83 1754 6.23

887 084 942 o0.9d 1008 0096 1075 104 11.4d 109 12.2d 1.17

294 091 314 o097 333 1.04 356 111 380 11§ 406 1.26

1.66 052 178 055 1.90 059 203 063 217 0.67 2.32 0.72
88.51 23.67 94.55 25.22 100.99 26.94107.87 28.78 115.23 30.74123.04 32.84

Table. XXIl Load increment values considered in the Brazilian Peak Summer.

Thus, it was performed the simulations in order to evaluatéwaoek with the
mentioned yearly growth projection. It was evaluated the technical constraints that
eventually were broken and the estimation of time that whether the growth happens, the
network on these areas will suffer with operational problems. In tigaife 76 it is shown
the voltages magnitude behavior in different years. After the Year n+2, with this rate of
growth, the limit is reached due to the voltages that are below pinecariousoperation.

The bus 4562 and 4582 with 0.926 and 0.911 p.u. respayt alert for the soon scenario
of precarity in the operation, only 3 years of distance in the pessimistic forecast.
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BRAZILIAN PEAK SUMMER - VOLTAGE MAGNITUDE
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Figure.76. Voltage magnitude of the selected buses throughout the simulations.

lll.  Results froninsertion of Transmission Line on Critical Areas
Evaluating the results of load increment based on the regional growth and
considering the behavior of the buses located on this radial part of the network, motivated
the assessment of alternatives to reante the grid and also provide the possibility for a
medium and longerm growth of the load on those areas.

The alternative proposal is to insert a transmission line connecting the critical area
a more stable part of the grid in order to quantify the pdse increment of load with the
stability. Then, in order to enter in the economic analyses, evaluate the LCOE based on the
length of this new transmission line.

One elected option is to insert a transmission line from the bus 4521 (ltiquira),
assesseds a more stable bus to the bus 4582 (Sinop), which is one of the most problematic
in terms of technical constraints. The outcome is a sort of ring topology approach. The new
transmission line will be a 230 kV, with the similar parameters of the linesatiedbcated
in that area. The Figurér depicts the location of the two buses.
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Figure.77. Transmission line insertion in the area of Mato Grosso.

Thus, with the new transmission line it is performed the simulations with load
increment based on the regional yearly energy growth of 6.81%. The idea is evaluate for
how many years, with this continuing high growth, the network on this area will maintain
the technical constraints.

In Figure78 depicts the voltage profile from the bus 4501 to 4862, all located in the
Mato Grosso area. The first thing noticed is that the voltages in the initial Year n raised
automatically with the transmission line insen. The highest value of the voltage is in the
bus 4562 (Sorriso) which reached 1.068 p.u., staying on the Precarious operation condition.
On the other hand, it has an advantage of the suddenly rise of the voltages, that is a higher
capacity for endurig the strong load increment projected to the next years. The voltage
magnitude in general, simulated over the years, decays each year, reaching a flatter profile
on the year n+10. From this period, the voltage starts to fall more abruptly. In the year n+13
the bus 4582 reaches 0.939 p.u. and bus 4562 reaches 0.947 p.u., values on the Precarious
condition. For the year n+14, the two buses enter in the Critical condition, as bus 4582
reaches 0.912 p.u. and bus 4562 reaches 0.922 p.u.
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Figure.78. Voltage profile with the Transmission line insertion considering the different years.

Also, the line loading was evaluated. Figd®edepicts the line loading concerning
to all the branches of the system. It is possible to highlightota@ch 255 which is the new
transmission line added with 0.920 of loading. Another important loaded line is the 207
with 0.952, this line is a transmission line with a transformer that connects Met?2 a4 a4 2 Q a
regionto the southeast network.

BRAZILIAN PEAK SUMMER - LINE LOADING - TL INSERTION
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Figure.79. Line loading according to the increment.
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The incremental demand gained after the insertion of the transmission line is 120.06
MW. It is shown in the TablexXi¥/, where the original and the year n+13 load are compared.

Table. XXIIl Original and year n+13 load increment comparison.

IV. Calculation of the LCOE with the Results of the Transmission Line Insertion
Based on the quantity of load increment that the new Transmission Line brought to
the area, and the costs of adding a new transmission line it is possible to estimate the LCOE.
Considering the distance of the two counties were the buses are located, it is
possible to estimate the total cost. The direct length from bus 4521, located ocotlaty
of Itiquira, to the bus 4582, located on the county of Sinop, reaches 613.89 km as shown in
the Figures0.
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Figure.80. Measured distance of the hypothetical transmission line.

The costs referred to the new transmission line are shown in the Téalle The
components are related to modules that contains all the material, the construction and/or
installation and other costs embedded as insurance, profit and licenses. For indfaace,
module of Simple circuit covers cables, structure, lightning protection, and so on; line
entrance convers equipment, isolators, protection system, construction costs and so on,
MIM and MIG are referred to maneuver and general irftiaicture module, acounting for
other costs like the land acquisition.

Transmission Line - From Bus 4521 to Bus 4582

Description Quantity Factor ' YAG |/ 2wiit CostxeFgctofTotal Cost( ]

Simple Circuit 230 kV, 1 x 795 MCM (DRAKE) [km] 306.944 1] 103814.6168 103814.6163 31865377.3
Simple Circuit 230 kV, 1 x 795 MCM (DRAKE) - HIGH TOWERS [km] 306.944 1.5 103814.6168 155721.9244 71697099.1.
LE - Line Entrance - 230 kV - BD4 Arrengement 1 1| 1143791.068 1143791.068 1143791.06
LE - Line Entrance - 230 kV - BD4 Arrengement 1 1 1143791.068 1143791.068 1143791.06
MIM - 230 kV - one side 1 1| 83787.48661 83787.48661 83787.4866
MIG-A - Rural Land 1 1| 440839.5488 440839.5488 440839.548

Table. XXIV Cost table referred to the transmission line.

To calculate the LCOE, some assumptions were considered, such aSafited
Recovery FactiCCEwas based othe Brazilian typical that 8%. The transmission lines
could stay for 15 years without deep maintenance, then the O&M costs were set to zero,
because the period considered is 13 years. The demand increment with the TL was 120.06
MW based on the simulatio The energy possible to be transmitted with the new
transmission line in the period of one year will be: 1,051,729.9 MWh.
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9.1.2. ColombiarNetwork¢ Load Increment

l. Results from Progressive Load Increment based on Total Load
Firstly, inorder to perform the progressive load increment, the total load of the
Colombian scenarios was considered, the amount is iffédlde XX/ Iregarding the real and
reactive demand in the PQ buses of the elected areas.

Colombian

Scenarios Total loadMW] | Total load [Mvar]
Peak Summer 9619.68 2741.61
Off-peak Summel 5264.75 1500.45
Peak Winter 9499.72 2707.42
Off-peak Winter 4625.05 1318.14

Table. XXV Total load regarding the Colombian scenarios.

The first scenario considered is the Peak Summer scenario, understood as the most
determinant scenario for the analysis. The limitations presented by this scenario with the
load increment, will consequently constraint the other scenarios and determingvhiode
system load increment limitation on those areas.

Then, the progressive percentages considering the Peak Summer scenario is given
by the Table X¥I|, displaying the for the selected buses amounts of 0.1%, 0.5%, 1% and 2%,
however, the simulations we performed with further values.
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Table. XXVI Load increment values considered in the Colombian Peak Summer.

Initially, considering the buses selected, which are located in the Colombian
departments of Arauca, Casanare, Ndda and Meta, using the populational criteria of
distribution of the load increment, it is possible to see the distributed increment per bus in
each simulation.

In the first simulation it was performed the load increment in progressive steps,
beginningfrom 0.1% of the total load and advancing until the power flow performance
reaches the norconvergence state, in the 4.18%. The voltage profile resultant of each
simulation was normalized with relation to the voltage profile without increment in order
to analyze the behavior of the buses.

COLOMBIAN GRID - PEAK SUMMER - NORMALISED VOLTAGE
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Figure.81. Comparison of the voltage profile normalised in different load increments.

Analyzing the break of technical constraints referred to voltage magnitude, it is
noticed that some buses of the system stays under the limit determined by the Colombian
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grid Resolution (0.9 p.u.), in the load increment of 2%. For the case of 1% ofdoardemt,

the most critical bus is the number 93 (Meta department) with 0.939 p.u. In the next
simulation (2%), the value fell for 0.891. It is possible to see the behavior in the six buses in
the six increments simulation in the Fig82

COLOMBIAN PEAK SUMMER - VOLTAGE MAGNITUDE
11
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— 13 0977 0.968 0957 0.932 0.904 0.865
— 44 0.99 098 0967 0.938 0.904 0.86
—02 0.997 0.986 0.972 0.939 0.895 0.78
93 0.975 0.96 0.939 0.891 0.824 0.638
—O4 0.987 097 0.948 0.895 0.823 0622
—195 0.995 0978 0.955 0.901 0.826 0.62
— 105 0.99 0.989 0.988 0.987 0.985 0.982

Figure.82. Voltage magnitude of the selected buses throughout the simulations.

Regarding the loading of the branches in the Colombian System, it was evaluated all
the branches in progressive increments. In the Fi@d®d is depicted the bainches and it
is possible to notice that all of the branches stays below the line loading limit of 100%
loaded. At 4.18% the higher loading are in the branches: 235 (1.06), 240 (0.82), 102 and 103
(0.78) and their location is presented in Fig8dehighlighted in the yellow circles.
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COLOMBIAN PEAK SUMMER - LINE LOADING
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Figure.83. Line loading according to the increment.

Figure.84. Most loaded Branches in Colombian network.

For the reason of comparison, it was also performed the analysis of the line loading
normalised with relation to the line loading case without increment. In this kind of analysis
is possible to see the most sensible branches to the load increment. hidhited the
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