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AC

CCHP

CFE

CHP

CONAE

CRE

DC

DER

EMF

EROEI

GEF

IEA

Abbreviations

Alternating current. It refers to the continuouswil of electrical charge
through a conductor between two points of diffeqgatential and electric
charge, whose magnitude and direction vary cydjic#tl is the type of
electrical energy and is the one normally use@gandential installations.

Combined Cooling Heat Power. Are CHP technologied tire able to
generate cooling services.

Comision Federal de Electricidad (In Spanish). Heeleral Electricity
Commission is a productive company responsible dontrolling,
generating, transmitting and commercializing eleityr throughout
Mexico.

Combined Heat Power. Are technologies through witiéh possible to
simultaneously generate electrical energy and thkeemergy in the form
of steam or water.

Comision Nacional para el Ahorro de Energia (Irar8gh). It is the
Mexican National Commission for Energy Saving tlsabn charge of
advising governments of states, municipalities maividuals regarding
the efficient use of energy as well as the usenéwable energy.

Comisién Reguladora de Energia (In Spanish). thés main Mexican
agency in charge of regulating the energy secttarims of electricity and
fuel gas.

Direct current. It refers to the continuous flowebéctrical charge through
a conductor between two points of different potdrand electrical charge,
which does not change direction with time. It ig ttype of electrical
energy coming from car batteries and solar cells.

Decentralized Energy Resource. Are devices thaergées electrical
energy by means of many small distributed sourndsage placed as close
as possible to the final load.

Electromagnetic Field. It is an effect produced thyse elements
electrically charged over a certain space capdiddfecting the behavior
of other particles with electric charge.

Energy Returned on Energy Invested Ratio.

Global Environment Found. Is a global alternativesed manager
established in 1990 to invest in high-growth clearergy, energy and
resource efficiency.

International Energy Agency. | an internationalamgation that seeks to
coordinate the energy policies of its member state®rder to ensure
reliable, acquirable and clean energy for theipeesive inhabitants.
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IRENA

LSPEE

MOLP

PSE

RES

SEN

SENER

UNDP

WBG

MXN

International Renewable Energy Agency. An intergoweental
organization that promotes the Sustainable Enesgge!

Ley del Servicio Publico de Energia Eléctrica (lpaBish). The Public
Electricity Service Law promulged in 1975.

Multi Objective Lineal Optimization. A methodologlyat aim to optimize
a complex decision-making problematic searchingaftwalance between
it interest factors.

Programa Sectorial de Energia (In Spanish). Is c8attEnergy Program
established in 2000 and promoted the installedagpaf electricity generation
from renewable sources.

Renewable Energy Resources.

Sistema Eléctrico Nacional (in Spanish). Is the Max National Electric
System.

Secretaria De Energia (In Spanish) Mexican Sedétar charge of
designing, planning, executing and coordinating i&x Energy public
policies.

United Nations Development Program. Is the Unitedtidns' global
development network.

World Bank Group. It is a multinational organizatigpecialized in finance
and assistance that is defined as a source ofdgaand technical
assistance for the so-called developing countries.

Mexican Peso. It is the official currency usedviexico.
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KWh

Wh

Units of Measurement

Watt. Equivalent to 1 July per second (1 J/s) and 1 ¥g’ms the coherent
derived unit of the International System of Units Power. Expressed in
electric units, can be expressed as W =A/

Voltage. Is the unit derived from the International Systiemthe electric
potential, the electromotive force and the eleatnmltage. Is defined as
the potential difference along a conductor whemraent of one ampere
consumes one watt of power.

Ampere. Is the unit of electric current intensity in théemational unit
system. It is defined as the constant current thaintained in two parallel
straight conductors of infinite length, of neglilgitcircular section, and
placed at a distance of one meter in the vacuum]dyaroduce between
these conductors a force equal to 2 x 10-7 newsommeter of length

Kilowatt Hour. Unit of energy expressed in the form of units ofvép x
Time. It expresses the magnitude of energy (in $)y/éteat can be produced
and sustained during that hour.

Watt Hour. Unit of energy expressed in the form of units ol@px Time.
It expresses the magnitude of energy that can dduped and sustained
during that hour.



Energy Poverty

Energy Security

Climate Change

Capital Cost

Load

Solar Radiation

Irradiance

Peak solar hour

Load profile

Glossary of Terms

Term used to describe a situation where the ecanambme or
available resources are not enough to satisfy theuat of energy
sufficient to meet daily needs.

Considered as one of the necessary pillars forasusile

development. It is the result of the relationshipttexists between
national security and the availability of resouré@sconsumption.
It focuses on the problem that many countries atecapable of
satisfying their own energy demand and causing theppendence
on the import of these. Turning it into a politickterrence tool.

It is the variation of the characteristics of thienatic environment
(such as temperature, variation of rains, wateelein the seas).
Which can respond to a natural process or can belaated by
human activities.

It is the amount of total expenses made to prodwsarvice or good.
It includes the assets acquisitions like purchddaral, buildings,
technology and equipment used for this purpose.

It is the amount of electrical energy that musptmvided to a system
for its operation

It is the set of electromagnetic radiations gatezt by the sun in
different wavelengths.

It is the magnitude used to describe the powesl@ftromagnetic
radiation exerted on a body or area determined faasource such
as the sun. It is expressed in W/ m2 or kW / m2

It is the irradiance value received at a sitarduthe course of the
day. It is expressed as the number of hours witldeal irradiance
of 1000W / m2 or J / m2

The average power demand in Watt-hour per day ¢ha be
obtained by itemizing all appliances and their lsaefruse each day
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Abstract
The use of photovoltaic technologies in smart ngimils systems can be considered
as feasible strategy to provide energy securitgafated rural communities and promote

more sustainable lifestyles.

Currently in Mexico, exist an approximate of 3,3limn people living in isolated
villages that still lack of electric servic8l % In accordance to the he “2018-
2032 Energy Development Plan” elaborated by theetaty of energy in Mexico
(SENER), populations located in a distance furthan 5 kilometers from the main grid
distribution line will not receive electrificatiahrough it, and will require to gain access
to the electric service by the implementation of &ype of Off-Grid power generation
system, preferably composed of photovoltaic teabgiek ¢ YHowever,
there are still some concerning regarding whatabel an accurate practical solution to

provide energy security to these communities thindig time.

The current investigation focuses on identifyinggfiming and proposing
Photovoltaic Smart-Mini grid systems that couldtéehnically implemented to provide
long term energy security to these isolated rur@hs in Mexico, as well as describing
the current challenges and opportunities identifrethe current technological, social,

economic and political framework within this countr

[Key Words: Photovoltaic Systems, Mini-Grids, Rural Developmen

Decentralized Energy Resource Systems, EnergyyPeiameworks]
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1. Introduction

1.1Background and Motivation

During the last decades it has been a crescentlwioi¢ initiative to satisfy the
energy demand around the world, to the point afdpegflected as the goal number seven
of the 2030 United Nations agenda for sustainableldpment(N, 2019. As a result,
the number of people that lacked access to thérielservice has been reduced from 1.7
billion in 2000 to less than one billion in 20179sh of them by the extension of the local
main power grid system that relays on fossil feslources like coal, natural gas and oil.
However, it is estimated that approximately the 1dfthe total worldwide population
still do not have access to a clean and reliahlecgoof electric power, and 84% of them
are residing in a rural are&f JL7The reasons that are
considered origin of this problematic can be suniredrin the following pointsiy

Elusakin et al, 2014
¥
* The target areas are remote located and low depselylated, making the
extension of the power grid not cost effective, terms of energy
transmission factor and maintenance,
» Transporting energy sources to those areas resoltsplicated due
geographical conditions that difficult the access,
* The main power-grid has not been developed yetlolced governments
economical restrains, even when the main poweraytiension is possible,
» The current legal framework defined in the targgion does not allow that
private investors participate in the energy locarket,
» The decisions of governmental sector and policméaorks has indirectly

made less competitive the other technical solutitias could satisfy the

1



electric power necessity in those regions, thrabgluse of policy tools like

subsidies and taxing.

However, during the last few years, these barharge begun to change and have
gradually diminished, to the point that nowadayseagchers around the world have
demonstrated that providing electric service téaignl communities in a sustainable way
is technically and economically possible withouayeng in the main grid distribution
system through the implementation of off-grid sygste(OGS). An OGS is a tailored
electric power system that is particularly desigtedatisfy the power consumption of a
target population without been connected to thennggid system (MG) Distribution
network, and is located geographically closelyv@rewithin its target areé\(

) allowing to reduce the losses associated

to the MGS distribution line.

In the same way as the MG, a OGS can be designed through the use of fossil
fuels, however this tend to create a strong depe®en the supply of fossil fuels for a
proper functioning, therefore was till the inclusiof renewable energy technologies that
was possible to add more reliability to the OGS famally to start considering them as a
solution for isolated rural communitie&r( )Zas is shown in
already implemented cases in Ugandaor(iodi et al, 201)/ India (Kamalapur
and Udaykumar, 20)4Nigeria Elusakin et al, 2014 Peru { Band other
parts of the world. Nevertheless, there are siithe challenges that the current off-grid
renewable systems (OGRS) need to overcome in thaital, economic and the politic
framework in order to be considered as reliable mlist systems in terms of power

generation, like theébig capital cost of investment, legal restricticensd long term



scalability Gaulcha et al, 201 &lusakin et al, 2014but undoubtedly, e of the greatest
challenges in terms of design and performance dRO@G the possibility of maintaining
a stable electric production capacity that coultisBathe population needs without
become dependent on the fossil fuel backup genmesgstemsiafez and Kankar, 2012;
Elusakin et al, 2014517, 2013). This problematic is clearly illustrated due fhetor that
population consumption has a constant tendencgd@ase during the time after been
energized{ldeye et all, 200)7and which to be ignored reverberates in a sptahlems
ranging from low performance and shortcuts, tonediable damage in the OGRS
(Ruralelec, 2014Therefore, it becomes evident the need of indgdievices that could
monitor the OGRS performance, in order to proldsguseful life, to efficiently use the
backup generators, to identify when an upgradéefrstalled capacity is required and

to protect and ensure the correct use of the gmaponents.

Any type of electrical grid that includes sensazemputers, automation and
communication systems that allow monitoring andveeing real-time information and
immediate react to balance loads in the systemaahtkve energy stability in terms of
supply and demand is known as smart gri DOE, 2010; Murphy,2010; Ataul et al,
2014. In the recent year's new technologies that allmvimplement this kind of
functionalities has started to be implemented irR8&chieving to control, monitor and
operate the energy system through the use of gtt@meven trough cellphones in real
time (Arbab-Zavar et al, 2019; Shaukat et al, 2018; Kabalci, 2016) opening a wide range

of possibilities that allow to administer the OGRS more convenient way.

Currently in Mexico, there exist 3,5 million peopio do not have access to any

kind of electric power service, most of them dmatted in around 6,000 isolated



communities within the country. From those, 400thptetely lack of any type of electric
power generator system, depending mainly on thetisemmass and fuels to meet their
daily lighting and cooking activities, and the résts partially granted access to the
electric power service through the use of diesekgiors and photovoltaic cells, been
able to satisfy basic consumption needs, suchghsiig and other basic appliances.
( % According to the “2018-2032 Energy DevelopmelanP elaborated
by the secretary of energy of the Mexican govemm{&ENER), the 75% of the
mentioned isolated populations in Mexico will bemjr electric power service through
the extension of the main grid distribution linkeeyever the rest of communities that are
located in a distance further than 5 kilometersnftbe main grid distribution system or
own a very reduced population will receive elecpmver due the implementation of
OGS composed as much as possible of photovoltaierggon stage in order to reduce
to the maximum dependence of a fuel bank in thenconity ( ¥ However,
there are still several concerning regarding whatlct be an accurate resilient and

practical solution to provide electric power seevio these communities.

The current investigation focuses on identifyingfining and proposing a
photovoltaic smart-mini grid system that could pdaviong term energy security to these
isolated rural areas in Mexico, as well as desogbthe current challenges and
opportunities identified in the current technol@djcsocial, economic and political

framework within this country.

1.2 Research question and Objectives

The research questions aimed to solve in the duimeestigation are:

«What are the technical and economic limitations gutentials of



implementing Photovoltaic technologies in Smart iMjrids in rural areas
of Mexico?

* What legal, societal, financial and managerialibesrof prevailing practice
in Mexico affect the implementation of PV-based &maini-grids in rural
areas of Mexico?

*What are the (dis-) advantages of PV-based minisgicompared to
currently implemented hybrid mini-rid systems aoths home systems in

economic and technical perspective

Therefore, the main objectives of the current itigasions can be listed as:

« Define the characteristics of a PV-based smart-griil system,

* Design and structure up a PV-based mini-grid syst&wering varies
settlement sizes in rural areas,

« Identify and analyze the current barriers of prigvgipractice faced by PV-
based mini-grids in Mexico,

* Predict and calculate the levelized cost of en€kg3oE) of the different
PV-based mini grids and compare it against theectiprice of electricity
and/or opportunity cost faced by rural areas,

* Draft policy recommendations for the roll-out of B%¥sed mini grids in

rural areas of Mexico.



1.3.Scope and Limitations

The information presented in this document wasagktied trying to refer in the
more trustworthy way to the Mexican energetic framek and may be different from the
ones implemented in other countries. However, imngstigation aims to work as a

reference for researches the context of renewdblgrid system design.

As a result of time constraints, the proposed ifigason is just focused on the
analysis of photovoltaic technologies and do naisater other decentralized power
generation systems like wind generators, wastenéogy, cogeneration or hydro power

that could also work as a possible answer to tpesed problematics.

The statistical data used within the current ingasion like energy consumption
per household, demographic characteristics anélsociome are mainly obtained from
open information provided by the Mexican nationavgrnmental offices and the public
census data base generated by the Mexican instituUiNEGI and SEDESOL within the

years of 2010-2018.

Technical data, device characteristics and cost whseved from standard
technologies in the market, as well as data basdaded in the official software for

photovoltaic system designs PVSol (version 2019)RYSyst (version 6.79).

Irradiance and weather conditions are modeled mguke National Aeronautics
& Space Administration's (NASA's) global weathetadiemse generated from the monthly
surface meteorology and solar energy data observatbugh the period from 1983 to

2005, in addition to the NREL's Electric Systemsntée and theNational Solar



Radiation Data Base (NSRDB) composed by the typical meteorologicabinfation

during the period from 1961 to 2016.

1.4 Methodology

Literature review shows that the habitually appho@mccompare and select between
different energy generation systems is by perfogr@nonomic analysisHgwkes and
Leach, 2007; Ajah et al, 2007, Shimizu et al, 2010, Mancarella and Chicco, 2009;
Kalantar and Mousavi,20),0and particularly by using the Levelized CostEafergy
(LCoE). This is because LCoE has a versatility #ilaws to compare different types of
power plants structures in terms of costl{n et al 2011; Gross et al 2007; Konstantin

2013; Lai and McCulloch 2018.

The LCoE is a net present value (NPV) calculatiat tesults from the comparison
of all costs involved in the lifetime of a givenwer Plant, that is, the costs necessary for
the construction and operation of a given poweegaion structure plus the sum of the
amount of energy generated during its cycle of(Kf@ST et al, 2018; Konstantin, 2013)
Currently, this is a method internationally accepsnd considered as a standard point of
reference to perform economical assessment whdunativey the economic feasibility of
diverse power generation technologi@84n ct al., 2011; Lai and McCulloch 2016; Liu
et al 2015; Orioli and Di Gangi 2015). Because of that, it was decided to adopt this
approach to evaluate and compare the proposed vuiiaic smart-mini grid systems
against each other, as well as against the pasgibilthe extension of the Main Grid

System.



Figure 1 explain the structural methodology perfedmduring the current

investigation.
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Figure 1. Methodology Structure

First the method integrates the necessary inpumaiket technologies, local
community data and similar sociodemographic prsfilocal weather data such as
humidity, temperature and solar irradiation datd ather relevant data to delimitate the
scale of the off-grid system. Then, a trade-offlgsia was performed between the
possible power generation plants configurations &nel proposed optimizations

constrains and the defined design criteria. Sdlfina scenario comparison of the most



could be performed by using its respective LCoBuasng the NPV close to zero as the

economic preferred Scenario.

Furthermore, a brief policy and barrier analysigagormed to predict and evaluate
any other potential drawback to the technical acmhemical solutions. As well as its

social and environmental implications.

1.5Document Structure

In order to describe in a more structured way tifermation presented in this

investigation, the chapters have been organizéallasvs:

Chapter one describes the general scope of thestigagon introducing the
background and motivation of this research, folldwg the explanation of the objectives,

the limitations of the research scope and the ptaien of the followed methodology.

Chapter two focuses on covering the performeditee review and the theoretical
background, it includes a general explanation efalectric power concepts, the general
classification of power grids, the photovoltaic heologies principles, the Mexican
energetic regulatory framework and the main pdicedated to mini grids, as well as the

current state of the solar energy sector in Mexico.

Chapter three describes the data and the critegd tor the design of the smart

mini grid.



Chapter four is focused on the mathematical fortrarleand sizing of each of the

components of the mini grid system as well as éhecsion of the Smart Grid components.

Chapter five shows simulation results and the rfiadings of the implementation

of the grid in terms of its LCoE.

Finally, Chapter six explain the general conclusiand recommendation in terms

of technological, social, economic and legal frarodw
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2. Literature Review and Theoretical Background

2.1 Electric Power Systems Concepts.

2.1.1. Conventional Power Distribution and the Centralize
Production Paradigm

The Electric Power System can be defined as a mktsystem where products,
goods or services are used, transformed or exchaimgerder to cover the needs of
Electric power necessity in the populations, alloythe generation of wealth within a
community, city, region or country<(feoslu et al, 2013% In a high-level scale, the

Electric Power System is mainly composed by thie¥ahg stages:

Power Generation Transmission Distribution Consumption

Stage Stage Stage Stage

Figure 2. High level scheme of the Electric Powest&y
(Source: Elaborated by the author with the informatprovided in Kiifeglu et al, 2018)

Firstly, in the power generation stage, a kindrargy resource (chemical, kinetic,
thermal, light, nuclear, solar, among others) as$formed into electrical energy in
facilities named Power Plantk a very high level the power plants are differated
based on the type of resource it uses (renewalhh®torenewable) to generate electric
energy, been the non-renewable power plants thetbaéproduce more than 80% of the

total energy in the worlREN21,201).

The power generation stage is performed in a derdch way for a given

11



community within facilities that are usually locdtar from populated areas as a result
security concerns, pollution emissions or in tharcle for proximity to the necessary
resources during the generation process, suchtas wreother type of raw material, and
later the produced energy is transferred to thenconity through theelectric power

transmission stage ).

The power transmission stage, or electric powerstrassion network is made up
the necessary elements to bring the electric paiter its generation in the power plants
over great distances till reaching the final dsition points for consumption. To do so,
the electric transmission networks transport tieetekity in high-voltage (in ranges over
400kV, 275kV and 132 kV depending on the countrg)i{

) through the use of several conductor elementsllysmade of steel, copper or
aluminum cables, and are held by high-rise strestunormally built in steel lattice,
whose main function is simply support the strucupdl this infrastructure is defined by
a high investment oriented to raw material purchasd extraction, which values
increases year by year and made up over the 3a%e dbtal cost of the electric power

system {| ).

Finally, the distribution stage is composed bydhstage of the electric power
system, and is the closest one to the final user,itarepresents approximately 50% of
the total cost If ) of the electric power system and is mostly conegoby
equipment like distribution lines, transformers,bsations, metering devices and

transmission lines, that allows to safely and byigrovide electric power in the different

voltage that the final user might neédd( R
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Particularly from the nineties, the increase in dffficiency and reliability of the
conventional centralized electrical power systeltioywaed to stablish a greater degree of
integration and decrease the marginal cost of rdé@gtproduction (US DOE, 2007). In
few decades the conventional electric service wakiptied to almost all the inhabited
areas of the world allowing of the populationh 4 ) developing
a phenomenon known by certain authors as the ‘aleadtd electricity paradigm" where
government and investment systems favored cerddhligeneration technologies,
displacing the competitive advantages of othergeays and reducing the development

of alternative technologies that allow for smallistributed generation capacitiess

).

Despite its advantages, the conventional electiegp system has several setbacks
which have begun to accentuate during the currectde. Together with a highly
expensive transmission and distribution systemeirms$ of raw materials and the
emissions generated during the fossil fuels geleratages If ), drawbacks
such as energy losses during its distribution earustormation become more relevant as
prices on fossil fuel increaseld:( ). Because this loses that are result
of physical factors characteristics in its struetulike electrical resistance and parasitic
capacities in cables, or by the magnetic hysteliestbe nucleus of the transformers
( ) not just represented an adding a
cash cost to the LCoE, but also was identified @snban implicit cost in terms of
greenhouse gas emissions. In other words, fu@riswemed to produce electricity that is
not reaching the final consumer and is lost dutiagsmission/distribution stage/ {

). Since transmission lines can cover short digsror hundreds of kilometers in

length, it's possible to identify that the longketline, the greater the losses in term of

13



economic and environmental impacts.

However, the greatest limitation identified to thentralized power distribution
system is its infeasibility, in terms of costssttisfy the energetic demand of low dense
populations in rural areas or located in remotdices like as islands or mountains,
requiring large capital expenditures to performdfierhead line connections across large
distances, to justify small amounts of consumptiompared to the lost oneS{

)ORural electrification probed in this way to bestty, and
consistently has proved to be more economical &aso rely on different generation

strategies, like the distributed generation systems

2.1.2. Decentralized Energy Resources and Distributed geregion.

The distributed generation is a relative new fiefdresearch and therefore its
conventions have not completely homogenized. Beemiore recurrent references in the
literature “microgeneration systems”, “decentralizgeneration systems”, “distributed
energy resources (DER)” and “dispersed generat{Gi” VoIt is
possible to identify that the main discrepanciesvben the authors reside between two
points: whether or not a DER is connected to theventional distribution network and
the installed production capacity of the systermguestion { ).

Being the location near the end user the featwaerdpresents the most value for
the present investigation. In the current invesitgathe concept of DER or distributed
generation system will be used as: “A small-scale/gr generation system located in

geographical terms as close as possible to thé load and might be connected to a

distribution network or directly to the final custer”.

14



The characteristics of a DER allow various bengfigg reduce the negative effects
identified in the centralized production of enerdike loss reduction during the
distribution and transmission stages given the ipmix to the load (EA,2002),
emissions reduction and increase energy efficidnycgllowing the use of lower power
generatorsl( , inclusion of
less polluting technologies such as alternativésfoe renewable technologies|{

)} greater flexibility of operation by allowing digbuted
generators in congested areas that are just usied) doe peaks ((

Jeducing the size of the network allowing them b
constructed in a fast, efficient and tailored wagrein areas far from the main network
( %; as well as the development of legal strategies
that allow the introduction of new players to timergy sectorlEA,2009;

).

However, there are still some challenges that shbel overcome to achieve a
correct integration of the DER systems into theenircentralized distribution system in
terms of cost competitiveness and technical peréoa. Firstly, because the support that
the centralized technologies received during tret jgears allowed a technological
development that caused a backlash and diminigteedampetitive advantages of other
technologies that today are used in the DEBh(it 200j Secondly, because most of the
current operating level voltage and implementedhrietogies around the world were
designed to support the operational levels of treventional electric power system, and
do not match the optimal performance charactesiséiquired by the DER systeni&(int
and Schneider, 20)forcing them even to include particular protestgystems in order
to avoid the creation of faults within the netwd@iknkins et al., 20Q0rherefore which

currently, many of the DER technologies are stlhgidered more conducive to isolated

15



implementation than in union to the main network

It is truth that this might require time as welle@snomic investment. But it is a
process that is already on transitibnfact, the distributed generation systems have been
supporting the centralized power system for decades in terms of production, but its
relevance has recover strength given current legal initiatives around the world like the
liberalization of the electricity market and the concern over the green house permissions
during the current las decades( Kiifeoglu et al, 2018) bringing
new actors to the energy production market and encouraging the development of new

opportunities.

Figure 3 illustrates the main technologies used in the of power generation stage of

the DER system are:

Combined heat
power
(CHP/CCHP)

& MicroHydro >

/ Small Wind A

Systems /

Thermal

Photovoltaic
Systems
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Figure 3. Technologies used for distributed gerierat
(Source: Elaborated by the author with the information provided in Kumar et al, 2017; Martin, 2009; REN21,2018)
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2.2 Power Grids Systems Concepts

2.2.1. Main Grid System (Wide Area Synchronous Grid)

As explained in last section, most of the eledlyigenerated in the industrialized
countries is provided by large centralized fa@kt{nternational Energy Agency, 20,17
REN21, 2018Kufeoglu et al, 201¥and previously transported the satisfy the nettess
of diverse costumers in the industrial, public,idestial and commercial sector. This
interconnected system of centralized power plardaeasmission and distribution lines are

known as the Main Grid (MG)RENA, 2018, GIZ, 201y

The main characteristic of this type of grid isttbperates under specific standards
of synchronized frequency and all its coupled mamslage uninterruptedly electrically
tied in terms of electric consumption and resowfta@ing during its normal operations,
as might be the North American Main Grid that isdyonized at a nominal frequency
of 60Hz or the synchronous grid of Continental Epardhat operates under a 50 Hz
standard {Vorld Bank, 2014; International Energy Agency, 20l Figure 4 illustrates the

operational frequencies used in countries arouadvibrld:

B s0H: M s0H: Bath

Figure 4. Operational frequencies used in counteesund the world
(Source: International Energy Agency, 2017)
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As can be observed, the number of participantsjthatthis network are spread
across its entire geographical extension of thddvér given geographical area that is
satisfied by a synchronous grid is known as a Symgus zoneENSO-E, 2015, ENSO-

E, 2017, and it main advantages come from the possikalitinterchanging the power
generated from the facilities within the grid tddrece the electric load demand, which is
translated in the reduction of operation, schechdetenance and power generation cost,
as well as other benefits like protection of enecgeserves, the possibility of equalizing
the load in the network, as well as the possibibtycreation market structures for the
power generators participants by the creation iof lierm contracts or short term power
exchange schemes that are useful in events thatofalisturbance of normal operation

in the network $ivanagaraju and Sreenivasan, 2009

The generation capacity of this kind of grids aeaked in tens to hundreds of Giga

Watts, some of the more developed Synchronous Kaufs in the world are shown in

the following table:

Name Covers Installed  Source

capacity

Synchronous grid of Jg: largest synchronou ENTSO-E,
oyl =0 o8 electrical grid in the world. | 2017

(UCTE) provides 24 Europea
countries.

el RpE el INe[{s B Provide electric service to th 329 GW | CEA 2019
country of India.

WWESE) Provide to the western area| 265 GW | WECC 2016
Interconnection USA and Canada and the no

western area of Mexico.
\NEllehEINE N (eT=EI Provide service to UK 85 GW DUKES,2018

Britain)

WEfelaE B S Covering Australian States. | 50 GW EAR, 2019
Market
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Table 1 List of more developed synchronous madasgn the world
Even when undoubtedly the wide area synchronodsegitiension will still play an

important role in providing energy as stated inlttméted Nations 2030 universal energy
access plan, some geospatial studies has shownddcantralized power systems,
especially the ones relaying in solar and hydrewable resources, will be a most cost-
effective solution for over than two-thirds of theral areas who are expected to gain
electricity access in the next years, forecastipgradigm change in the policies scenarios
that point to a total additional annual investmewst of around $24 billion per year to
2030, equivalent to 1.7% of total global energyestment i(iternational Energy Agency,
2017 already reflected in an approximate amount of 800 isolated systems set in rural
areas of developing countries by the support ofd/Bank (WB) during the last decade

(Martinot, 2000.

2.2.2. MiniGrid, MicroGrid and PicoGrid System (Small Area)

The predominant concepts used to refer to the sanedl power grids are: mini
grids, mili grid, micro grids, nano grids and pigads (G1Z, 2017; IEA, 2017; IRENA,
2015 U.S. DOE, 201p However, literature review shows that there i¢ aoclear
convention of this terms among the researchers,usndlly those concepts are used
interchangeably without respecting the differemiatcriteria @hattacharyya, 2018
When it comes to the international agencies, ifoisnd that the main criterion of
differentiation is the installed capacity of theustures, but once again, a very weak
convention can be identified between the instingidrhis is evident when compared the
concept of mini grids, sometimes defined as systemmsng an installed capacity of “few”
megawattsCloke et al, 201); but in this context GIZ suggest it in valuesdvellOMW
(G1Z,2017), UNFCCC describe covering it including with a rmaum capacity of 15

MW (UNFCCC, 201¥ and IRENA suggest values till 100 MWRENA,2019. On the
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other hand, Micro-grids ranges are specified 1 kM¥@ kW @hattacharyya, 20)gbut

some researches point to systems till 100 Bah(itzer et al, 2034RENA,2019.

For the convenience of this research, it was chdeetake as reference the

following criteria, which has been generated frameatensive review:

Local Grid Commonly IRENA Proposed Size wused for this

Systems Used Size Categorization investigation

Mini grids 10 to few MW | 0-100 MW 100 kW to 100 MW
Micro grids 1-10 kW 5-100 kW 5-100 kw

Nano grid 0.5-1 kw 0-5 kw 1-5 kW

Pico grid 0-0.5 kW 0-1 kw Less than 1 kW

Table 2. Small area power grids classification acliog to its installed Capacity
(Source: Generated by the author with informati@nfrBhattacharyya, 2018)

From the functional point of view, a small area powgrid can be understood as an
electric power system like the MG, but with a smialhstalled capacity and distribution
area. In other words, it is also made of componsath as power generators, storage
devices, distribution lines and interconnected a&odtrollable loads haurey and
Kandpal, 201 They are mainly differentiated for having a lied power production
range, a clearly defined geographical boundaryeofise and a delimited infrastructure
that don'’t allow to provide electric service beyaihat area, however, are completely
designed to be independent and self-sufficient, targhtisfy the energy demands of its

final consumers without relaying in the MG:1¢, 2017; IEA, 2017).

The design characteristic of operating without bemmected to the MG is named
"Island-Mode” (US DOE, 201 and during the last years several communitiesrato

the world has gained access by this approach phkatig in Africa (EA, 2017 where
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they have proved to be a better “cost-effectivaitsmh” than extending the MG due
efficiency reasons5@ansal et al, 20)3Anyway, most of the small area power grids were
also designed with the possibility of been intereexted to the MG and exchange
generated power to the costumer if needed (2017) in fact it is estimated that most
of the small area power grid that has been instatidJnited State of America operates

connected and synchronized with the Main GridS( DOE, 201}

Given that the networks are designed specificalpethding on the available
resources and the requirements of the load, thegewation of a small electric power
network tends to vary{lZ, 2017) However, there are basic components that areljp@ss

to find in most market configurations, which arscd#ed in the following figure.

Main Grid

(Optional)

Main Generator
bl sl ";Idffi: e Inwerter =i Load
1

Secondary
Generator Stage Storage System
(Optional)

{Optional)

Figure 5 Conventional small area power distributiamdg

Where the main functionality of each componentasaidibed in the following table:

Main Category = Components

Main e8It is the component that contributes in a greatew wo the
sl st [sH energetic generation of the network. Their type amstalled
capacity tend to be selected focusing mainly on e¢hergy
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Secondary
Generator Stage

Storage Stage

Control
interfaces

AC/DC Inverters

Loads

resources available in the area, so as to redueecdist of
generating energy as much as possible. The enesgunrces used
for it can be renewables or non-renewable. Conweeatimostly
systems are composed solar panels, CHP generatams,
generators, micro turbines or fuel cells.

This stage is might be connected to the rest ofititeby using an
interface based on power electronics, that allowretach the
needed voltage in the grid.

It covers the same function as the main stage wepgeneration
However, it is considered in the design as a stdgipport for
reasons of cost or convenience and is intendeaintemnly in case
the stage the main stage of generation is not &blprovide
enough energy. They are usually composed of generathose
ignition is convenient and rely on easy to storergy resources.

Composed by batteries, thermal storage devicedeotrieal to
thermal conversion devices and its main functiotoistore the
surplus of generated energy, for its future congionp

Are interfaces in charge of operating and monigptime correct
functioning of the network, and are mainly compokgd

*Building Energy Management System (BEMS) thahesdentral
Control System of the micro grid.

* Local controllers (To control the generators &atls)
» Communications devices required for distributogeration

*A Distribution of control logic that usually is gmented intg
Primary control and secondary regulation and aarsilservices)

Allows the power conversion from Alternate curréatDirect
current or vice versa, in case is required.

The final consumers of the generated power.

Table 3 Main components of conventional small alis&ribution Grids

(Source: Made by author with information obtaineshirArbabZavar et al,2019,; US DOE, 2019, Falvo et al, 2013

Depending on the types of coupling used in the tiiedsmall area distribution grids

are also classified in to DC coupling, AC couplorgmixed coupling Tunlasakun et al,

2004; Williams and Maher, 2008; Bansal et al, 2013). The differences between these
systems relay in in transforming the direct or raléée current by the use of AC/DC

converters, and then provided to the central pdwerby the use of charge controllers

that might be provided to the final load or usireneerters in case of neededljab-
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Zavar et al, 2010 The main reason for implementing this kind ofteyn depends on the
type of appliances that the final costumer owngnbie DC systems more commonly
used for nano and pico grid systems run at lonagas (usually 12V), while on the other
hand, the AC s are usually designed in higher geka(24V,48V or 72V) in order to

reduce conversion due lost|( )

2.2.3. Off-Grids Systems
An Off-Grid system, or also called an isolated sgstis a generation system that
Is not connected to the MG (which are called OrdGyistems) and thus focuses its design
on generating 100% of the energy required by iesughrough the use of one or more

generating stages that comprisesity ).

The vast majority of the systems identified durthg review literature, allow to
identify that these systems are composed of mane dime distributed power generation
component of reduced sizes such as DER

)2 as well as territorial dimensions of small aaed installed capacities
within the ranges established for small area payviels (

)2 This situation has caused these concepts tiedxd interchangeably.
However, it was also possible to identify its usesmaller scale systems, with a single
power generation stage and that do not strictlyasgnt networks of diverse users, such
as Solar Home Systems, or photovoltaic solutionsatesfy small-scale lighting

; ) So it is possible to conclude that its terminglog

usage represents more a design paradigm, tharcaptdhat indicates specific criteria in

guestion to installed capacity, energy sources.go@f/use or construction topologies.
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During the last decades, technological progress has allowed to reduce production
costs and increase the generation capacity of various renewable technologies, making
them attractive for their implementation in off-grid systems. This has occurred
particularly with photovoltaic, biogas and micro wind technologies, given their ability to
access energy sources in various areas of the world even if they are isolated from the main
network, also resulting in cost reduction and dependence on fossil fuels (Gothwal et al,
2018; REN21,2018; IEA, 2017; Chea, 2011). The following figure describes the number
populations that has obtained energy access through the implementation of off-grid

renewable system around the world in the last decade according to IRENA figures:
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Figure 6 Population served by off-grid renewable energy solutions globally
(Source: IRENA, 2018)

An Off-gird system is regularly composed of a main generation stage that provides
the majority of the system's energy, a secondary generation stage that works on demand
when the users' consumption exceeds the amount of energy that can be provided by the
stage main generation, an accumulation system that allows to store energy generated from

a requires energy accumulation systems, voltage regulation devices that are used mainly
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to rectify the energy supplied from the high flietion generating stages as renewable
energy sources and the loading or consumption $tage )

This type of systems presents various barrierserhrtical and legal terms
depending on the countries where they are implesder®n the one hand, from the
technical point of view, Off-grid systems presentnplications to offer cost-feasible
solutions for systems with high consumption prafileuch as satisfying the consumption

demand of heating and cooling appliances in laggensunities.

On the other hand, the effect of the centralizedagigm, caused that the
development of a large set of legal regulationsctvlaire strictly focused on concepts of
the MG in terms of distribution, generation andhsmission K ¥ but
leaving a large area to be covered in terms ofdibtion and energy production and
which currently restrict the implementation of gffid systems in most areas of the world
due to the lack of a correct definition of framek®that favor the implementation of
pricing, taxation, policy implementation, regulatiand therefore restricting the increase

of investment in the area as well as attractiostakeholders({ A

2.2.4. Smart Grids
A Smart Grid can be understood as an electric pgwerthat incorporates the use
of digital technologies in order to establish aifgictional fluid communication between
the power plant, the end user as well as otheralohvices in the network that measure
performance and execute decisions about the usesofirces of the networkiheeq,
2018. In this any type of electrical grid that incledgensors, computers, automation and

communication systems that allow monitoring andveeing real-time information and
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immediate react to balance loads in the systemaahtkve energy stability in terms of

supply and demand is known as smart goi@E, 2010; Murphy,2010).

To do so, the smart grid devices monitor the comion of loads in the network,
allowing its value to be known at all times by inporating an automated computer
system capable of automatically responding to flatons in energy production, but also
of demand through the use of tools like internevises, local networks, statistical
approaches and informatics and home automatios toalespond firmly to the volatile
demand for electricityAfsar et al, 2015; Ataul et al, 2013t The main objective of these
systems is to achieve a situation in which bothetind user and the distributor have more
information about consumption, and in which a m&sponsible and predictable use is
made throughout the cycle: from the plants genesatothe domestic system allowing a
maintenance, projection of development of the ndtwo in long term, as well as
reduction of consumption of electrical resourcegmtiey are not necessaty.&. DOE,

2010; Arbab-Zavar et al, 2010

Among the main benefits obtained through the irsegn of Smart Grid
technologies is the most efficient transmissiorelettricity, the reduction of operating
costs, greater robustness of the service, moreteiehandling in the face of disturbance,
reduction of demand peaks and better managemdngloffluctuation systems such as
renewable energy systenid{diqua et al, 20t &alvo et al, 2018 From the point of view
of the market, it allows the adjustment of consuomptates and the purchase of energy

in real time ( %

On a large scale, what converts a conventional ertwito a Smart grid is the
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inclusion of devices for methe following components

Name Description

Smart Meters Are intelligent energy flow devices that improve thperation of
the network by measuring the record voltage, ctyremd
frequency and always provide reliable data abah#twork. (/=
DOE, 2010

ereBRIEllile[=lplel=) It is a specific infrastructure of each network ttladlows its
Components automated control, such as the connection or dissdion of
resources to the network or the activation of sopwsver
generation resource in the networkS(DOE, 201)

SineqilllEp i Devices that has the  ability to operate efficientgnd
autonomously the AC/DC conversion of a system oe viersa
but also are programed to autonomously control aleep flow,
identify faults and disconnect with a particulardeoof the
network if required without the need of an operatdervention.
(Arbab-Zavar et al,2029

SiyEEe =G EIG)\A Technologies developed to transform and store tieegy with
S ERSVECInEY high efficiency and high life cycle. The most comrmmapproach
can be a battery bank that could measure it digehimvel and
disconnect to protect operation degrees that ntoghisky for its
long life operationfalvo et al, 2013; Nishant et al, 2018

IR EIEESEE Communication devices in charge of connecting tig@pants
nmlthleEie sy of the network through diverse protocols, like WAMN or P2P.
Technologies Wired Technologies are more immune to interfererases their
operational dependency on batteries are less thignwireless
technologies, but are restricted to physical litotas of the
network. Arbab-Zavar et al,20)9

IT Utilities It is smart data management devices collected nvitté network
which allows both their distribution, access anel téstriction of
this information through security and encryptionotpcols.
(Siddiqua et al, 2018)

Table 4. Smart Grid Main Components

2.3 Photovoltaic Concepts

2.3.1. Solar Irradiation

The solar resource is a function of solar radiatishich is the result of fusion

reactions in the sun's atoms, which reaches thé Eathe form of photons. This radiation
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is the one that can be transformed directly intcteicity by using photovoltaic and

photo-thermal technologies or to heat by usingniwesolar technologies

).

The Solar radiation has two components:
« Direct radiation: comes directly from the solardecwithout reflections or
intermediate refractions.
« Diffuse radiation: It is the one received throughiltiple phenomena of
reflection and solar refraction in the atmosphere¢he clouds, and the rest

of atmospheric and terrestrial elements.

Both types of radiation can be exploited throughuke of active receivers, which
use mechanisms to orient the receiver system t@aastaml sun and better capture direct
radiation, as well as Passive receivers remaincstata specific place and only gain
advantages from radiation. direct they receiverdutine day (

Solar radiation is usually measured in its amodrdemsity over a specific area
during a given time, been (kilo)watt per square engter day or per year the most

common unit of measure (Wh#fday or kWh/n#/a) ( ).

2.3.2. Photovoltaic Technologies

A photoelectric cell, also called photocell or phailtaic cell, is an electronic
device that allows electrical energy generatioriakyng advantage of the photoelectric
effect ( ¥AWhen the electromagnetic radiation coming frowen t
sunlight hits this kind of devices, an emissiorlaictrons can be perceived, then under a
constant and controlled exposure to this lightptssible to control the flow of this free

electrons to generate an electric curréit:( ).
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Figure 7. General principle of a PV cell
The photovoltaic panels or modules are structumsposed of an array of

photovoltaic semiconductors. Basically, these tetgies are made-up semiconductor
devices diode type which are excited by sunlighd generate a small difference in
potential at their ends. To achieve higher voltageseral of these diodes are joined in

series.

Aluminium Framework

Protective Glass

Photovoltaic Cells Array

Protection Base

o

—= ‘ Voltage Plug

Figure 8 Photovoltaic Cell (Left) and Module compotse(Right)
(Source: Atersa,2019)

There are different elements that can be used twrgee the photovoltaic
phenomenon, but nowadays most PVs are composedsitioon (Si) a nontoxic element
that can be found in abundance in the planet, beenext technologies the mores wide

spread in the market\Ekari et al, 2015Cotar and Filci2012; Chea,2011):

* Monocrystalline: This type of cell stands out fairy manufactured with
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very high purity silicon. They are the most effiti¢ype of cells in terms of
space and electricity generation, which translat@e the practical
implementation of smaller installations. They havieng useful life, with
guarantees in many cases of 25 years and capaditydtion up to 50 years.
Due to their high composition of silicon they hawaehigh price in
comparison to other technologies and tend to vyiess at higher
temperatures. And one of its main problematicheswaste of material that
is generated by during the cutting process of thesks. They are
identifiable by their dark circular hexagonal ortamonal shape and by a

single crystal of silicon sections.

Polycrystalline: Its manufacture started in théngeg. Its biggest advantage
with respect to monocrystalline cells is based daweer cost production
process, which pulls down the final price of thegstems when they are
manufactured by small crystallized particles. Esrelaboration the silicon
is melted and introduced in molds with which thikscare shaped. With this
process not only a much smaller amount of this etdns used, but losses
in the production phase are avoided.

The lower heat tolerance of these cells means ttieyt have a lower
efficiency than the monocrystalline alternative.

» Amorphous: This kind of technology is elaboratedsbiting a thin sheet of
amorphous (non-crystalline) silicon covering a lengface. Are considered
as the less effective of all PV technologies, haaveare the cheapest ones
in the market too. As a result of its productiongass it owns particular
property over the other technology of been foldathwing it to cover

particular areas that solid PV panels can't. Itrmidentified constrain is
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generated due its efficiency, because most of theepof this technologies
tend to drop during the first months after prodmuctito reach a point of
stability. Can be made of elements junction of Casmand Tellurium

(CdTe) or some mixes of Copper, indium, gallium selgnide (CIS, CIGS).

The maximum power that a panel can generate, lsdcakak power and is defined
as: the maximum amount generated by a panel af gatnels in the hours of maximum
insolation in a certain geographical area and iasueed at 1000 w/r(incident energy
per square meter) and at 25° C of room temperatutecurrently average photovoltaic

cell efficiency in the market is around 15%, ownaag operation warranty of 25 years

( )-

2.3.3. Photovoltaic System

It is an electric power system formed by integrafigactional blocks, with the
purpose of providing the electrical energy necgsfar the consumption of a facility,
which can be from a house to an industry. It canlésigned as an isolated system or to
connected to the MG, it is mainly supported by &leal energy generated by solar panels,
but can also include another backup generator ¢tage )2 The biggest
advantage of a PV system, it's the possibility ettiog access to its main energy source
for free, been just necessary to perform a comesessment of the availability of this

resource in the area to get benefit frontii ¢ A

The following diagram illustrate a typical Photttaic system and its main

components:
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Figure 9 Typical Photovoltaic system
(Sorces: Elaborated from author with informationrfraCotar and Filcic 2012, Alkhalidi and Hussain, 2018,

ABM,2017)

In order to perform a correct definition of the ueg@ment and size of a PV system
in terms of are and installed capacity, the follogvcharacteristics need to be considered
for the load Regime are listed in the followingl&afuralclec ,2014; Cotar and Filcic

2012; Colombo et al, 2016; Sivanagaraju and Sreenivasan , 2009):

Name Description

Forlel Zeillsr ole =hicie) /| It is an analysis that describes the amount ofggnttrat
Consumption profile is required to satisfy the energy demands. In aected
grid system, this can profile can be generated ftioen
consumption measured during the last year. Indise of
an off-grid system, it become more complicated thee
lack of information, been necessary to define|an
estimation in order to design the system.

Depending on the consumption, it will be measured i
Wh / day or kWh / day

Use time It defines the period of the day during which teaergy
will be used. This calculation is made, to evaludie
possible strategies to satisfy the energy necessiti
accordance to the available irradiation valuetézione

If the system has usual night consumption or dessra
consumption bigger that can be generated by the PV
stage, the implementation in the market includatéeby
bank or a secondary power generation stage.

VEVdnitins Bl Fel 221 The number of hours per day for each operating mpnt
load. that the irradiation values in the region can pidevihe
peak hours (1000 w /M

To obtain it, the consumption pattern must be aredyto
determine if the load regime is constant, or Has load
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peaks where several electrical loads must be| fed
simultaneously. Which must be satisfied, or thaeys
will have an energy deficit.

Table 5 Requirements to define the characteristicbsize of a PV system

2.4 Mexican Energetic Public Policies and its Regulatgr Framework.

The current state of energy production in Mexicthis result of factors generated
through the time as the result of the existencdoss$il resources in the country, in
conjunction with the development of a legal framdwalesigned to promote the
investment and develop of it relative supportedtetogies, developing gaps for the

possibility of implementing alternatives solutiosr@ew technologies were developed.

In order to deeply understand how the current estertegal framework in Mexico
was developed, as well as identifying the legairie®ns and the administrative tools
that allow the implementation of Mini grids in Meain territory it iS necessary to
understand its origins and evolutions trough theetiTherefore, this section focuses on
explaining the background of each of the changésamolicy framework since its origin

up to date.

2.4.1. Origins of the Energetic Public Sector in Mexico (237-1970).

In its origins, Mexico's electricity sector was readp of private companies
comprised mostly of Mexican capital and, later,abgignificant number of companies
with foreign capital, whose operation was regulddtgdoncessions. Then finally in 1937
the CFE was created with the objective of orgagiznd directing a national system of
generation, transmission and distribution of eneaggl adapting it to the needs of the
country's economic development, under the goverhmieRresident Lazaro Cardenas,

marking the beginning of a tendency to establighdinect presence of the State in an
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activity that until then was in charge of individsiaA year later, in 1938, the now defunct
Electricity Industry Law or Eey de la Industria Eléctricaas known in Spanish was enacted,
which for the first time regulated everything rel&tto concessions and permits in the

field of electricity %

The direct presence of the State was consolidateshwn 1960, when Mexican
government bought the “American and Foreign Powerhpany, as well as 90% of the
shares of the Mexican “Luz y Fuerza del Centro” @any. Allowing the virtual
nationalization of the Mexican electricity sectbhen as an immediate action the state
was constitutionally established as the one holdhy exclusive right to generate,
conduct, transform, distribute and supply elecpaver for the provision of public
service, constitutional approaches found in awicBd, 27 and 28 of the Political

Constitution of the United Mexican States | )

2.4.2. The Public Electricity Service Law (1975 - 1992)

This legal system was maintained until 1975, whenRublic Electricity Service
Law or “Ley del Servicio Publico de Energia Eléctricaas issued, establish punctually
that "the self-sufficiency of electric power toisét the demand of some users was not
considered as a public service". This modificatiallowed one more time the
participation of private investment in the electpiower generation sector by holding a
prior permit and the explicit condition that theoposed implementation was
inconvenient or impossible to be provided by CFEatidition, in 1983, the Law was
reformed to expand the self-supply framework, ideorto allow cogeneration and
generation of energy exclusively destined to entengs derived from interruptions in

the electric power service. And finally, in 1992xnnamendments were made to this Law
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to allow private investment in the generation afcéiic power for exclusive sale to the

CFE ( ).

Then after all these modifications, enabled thesiagy that individuals generate
electricity under the modality of independent eggogoducers under directives of the
State. Other relevant characteristics to highltght were created since the enactment of
this law and given its amendments over the yea§-ar )

» Figures with the purpose of generating self-supplygeneration, small
production and independent production do not ctstas part of the public
service sector.

» The concept of self-supply was expanded to inciarepanies that have the
objective of satisfying the energy demand of tipaitners.

* In the independent production mode, it is allowed¢nerate electricity for
sale to CFE. The CFE has the legal obligation tuie electricity through a
specific contract.

* The mode of small production was created, whichsimilar to the
independent production modality, with the restantithat its production
capacity is limited to 30 MW. The production of @lgcity must be sold

exclusively to CFE.

It is important to remark that the Public Electsicbervice Law has keep in force
since it’s promulgation and has continue till thenment when this report is generated.
And although the energy monopoly for the provissdpublic service is preserved by the
state, this legal framework is considered relebastuse allows the current participation

of individuals in the generation and importationetéctricity. All these reforms were a
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first step to encourage private investment in elgty generation.

2.4.3. The Energy Regulatory Commission (1993-1995)

In 1993, the Energy Regulatory Commission (CRE) feasied as an advisory
body in the field of electricity in order to proneahe development of the gas and electric
power sectors for the benefit of users)( ). Then in 1995, the Law of the Energy
Regulatory Commission was issued, transformingdR& from a consultative body to a
decentralized one, with technical and operationgbr@omy, in charge of the regulation
of natural gas and electricity in Mexicd ). The Law strengthened the
institutional framework, made legal operative cles)g and increased clarity,
transparency and stability to the electric and @dg009)gas and electric power and

concentrated it powers that were dispersed in aystems, dependencies and entities.

2.4.4. Sectoral Energy Program (2000-2007)

At the end of the year 2000, the Sectorial Enengpgfam 2001 - 2006 (PSE) is
published, which establishes that by 2006 at I&8Q0 additional MW will have been
added to the installed capacity of electricity gatien, from renewable sources of energy
(excluding the large hydroelectric plants progrardrbg CFE) [ ). Then, in
December 2006 the initiative of the Law was appdaneghe Chamber of Deputies, which
establishes the creation of a Program for the i®=pewable Energy SourcesH

). In this Program, a minimum percentage of 8% weébpect to total electricity
generation of the country was proposed for the@pation of renewable energies as the

goal for 2012, excluding the large hydroelectriarps.

Similarly, for the year of 2007, the Energy Se®owgram 2007-2012 is announced,
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where the main goal was to reach a percentageeofrieity generation with renewable
energy of 26% for 2012-( D.OAs a result in 2008, a law
proposal for renewable energies was performededdahe Law for the Exploitation of
Renewable Sources of Energy ocey para el Aprovechamiento de las Fuentes
Renovables de EnergidLAFRE), that provided legal certainty to the useenewable
energies in the generation of electricity, estéblides regarding their use and recognize
their benefits, with the purpose of supporting ¢lemeration of electricity produced by
parastatal and private companies, in the case aflscale generation and in isolated
communities ( )08 Main highlights were that a greater
contribution from the private sector and the suppbthe CFE, in addition to making use
of the different financing mechanisms, such as d@hdgveloped by the Federal
Government in conjunction with the Global EnvirommhEacility (GEF), the World Bank

(WBG) and the United Nations Development ProgramdDP) ( .

2.4.5. Renewable Energy Transition (2008-2012).

On November 2008, the Law for the Use of Renewkblergy and the Financing
of the Transition was approved. Containing of 3icks distributed in four chapters, in
addition to twelve transitory articles, was in actance with Article 1: "to regulate the
use of sources of renewable energy and clean tkatias to generate electricity for
purposes other than the provision of public elegiawer service, as well as establishing
the national strategy and instruments for finantivegenergy transition '5( R
The promulgation of this law was controversialtite point of been considered by some
Senators as unconstitutional due the strong madifios performed to the legal

framework specially focused on changing the LathefEnergy Regulatory Commission

( ).
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A list of this modifications were: Reforms and dmohs in articles 1 and 2, mainly
in fractions V, VI and VII; in article 3, in its fractions VII, VIII, 1X, X, X] XIII, XIV, XV
and XXI; in the articles 4, 6 and 7 in their fractions VHhd articles 10, 12 and 13, while

at the same time derogate the section VIII of et

2.4.6. Energetic reform (2013-2018).

In December 2013, the Energy Reform was approvatd$enate of the Mexican
Republic, modifying the legal framework in hydrdeans management laws, generation
of electricity and use of geothermal energy. Amtmgy objectives of the reform, it was
sought to maintain the ownership of the Nation awer hydrocarbons that are in the
subsoil and allow the modernization and strengtigeaf the national institutions focused
on the energetic management of hydrocarbons amdriedd distribution (Pemex and
CFE) through the attraction of private investmarthie energy sector that focused mainly

on centralized control of government institutioAs=(

The reform allowed to strengthen the regulatoryié®df the sector and assigned
them new powers to regulate effectively public andate companies. In this regard, the
Energy Regulatory Commission (CRE) obtained tedinaperational, management and
self-sufficiency autonomy and also built a longytetegal framework for private
investment in the distributed PV solar generatiect@ ( ). Specifically, in
April 2017, the Federal Government approved theuleggry and public policy
framework, in which incentives of various kinds astablished in order to boost market
growth, opening a new financing opportunity for teenmercial Bank and national and

international Investors in the area of renewablergy sources y DER schemesH
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), allowing that by 2016, 25% of the generationazaty of electricity was produced
in clean and renewable energy generators, althmaghtaining the installed capacity of

photovoltaic technologies at a national level bel@&8% of the National production.

( ).

2.4.7. Current State of the Energetic Public Policies andRegulatory
framework in Mexico.

In terms of the regulatory framework, the amendmeaatthe Public Electricity
Service Law have favored the participation of prMadustry in the generation of electric
power for activities that do not constitute a paklervice since 1992)( ), trough
modalities like self-supply framework and cogeneratfor the consumption of those
involved in the project, as well independent engngpgluction for projects whose purpose

is to sell the electricity generated to the CFE.

When it comes to the area of electricity generatarthe public service through
the use of renewable resources, by constitutioreidate, the regulatory framework
states that CFE would be the institution that sthdake advantage of the natural assets
and resources available in the country, such agxising large dams, as well as the
nuclear energy, while the other forms of generatawa allowed in the modalities
authorized in the Electricity Public Service LawH pand will be the CRE the
institution that would provide all the necessarygulatory instruments to allow
individuals to develop renewable energy projeatshsas the Interconnection Contract
for Renewable Energy Source and the Interconne@mntract for Solar Energy Source

in Small Scale( ).
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The main legal systems and the regulatory instrasnenrough which the

operations of the electricity sector are goverraadle observed in the following diagram:

Law of the electric power
public service

Law of the National Energy Regulatory Commission

Regulation of the law of the electric power public service

Regulation of the law of the public service of
electrical energy in matter of contributions

.. . Manual of Services to the Public in the
Official Mexican standards Matter of Electric Energy

Figure 10 Legal systems that govern the activitiethe Mexican electricity sector
(Source: SENER, 2007)

As it is possible to observe, the regulatory framdwof the Mexican electricity
sector is based on the Political Constitution @f thmited Mexican States, in its articles
25, 26, 27 sixth paragraph, 28, 73, 74, 90, 108, 123 and 134. Been the main legal
systems derived from the fundamental norm thatla¢guhe provision of the electric
power public service:

* Law of the Public Service of Electric Power:Known as ley del Servicio
Publico de Energia Eléctricen Spanish. It act as the main order in the
Electric power Sector, as well as the CFE struttoastitution. It focusses
on regulating the provision of the electric powablic service as well as the
operation and organization of the CFE.

*Organic Law of the Federal Public Administration: Known as Ley
Organica de la Administracion Publica FedeialSpanish. It mainly states
the functions and faculties assigned to the Mexi&ate offices and
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particularly to the Energy Secretariat. It reaffsrnand recognizes the
structural location of parastatal entities.

* Law of the Energy Regulatory Commission Known ad_ey de la Comisién
Reguladora de Energian Spanish, which regulates the activities and

organization of CRE as well as its powers.

Beginning in 1995, through the issuance of the lediwhe Energy Regulatory
Commission. The CRE has established itself as tomamous, technical and operational
regulatory body which maiobjective is to promote the efficient developmehthe
electricity industry, natural gas and LP gas.rtsato safeguard the provision of services,
promoting healthy competition, protecting the iet#s of users, promoting adequate
coverage national and address the reliability, ityaland security in the supply and

provision of services{ ).

With the issuance of the LSPEE in 1975, it is dsthbd that the participation of
individuals in the generation of electric power d@ndone, subject to prior permission
and the opinion of CFE. Also, as result of its nfigdtions in 1992, including
cogeneration, independent producer, small producitd export and import of electric
power were incorporated( ). In other words, any type of project focused o t
generation of electric power and distribution, asgible through the prior authorization

of the CFE and CREZ( ).

2.5 Regulatory framework that covers the implementationof Mini grids
in Mexico

As a facilitating mechanism for the participatidnralividuals in the generation of
electricity, the Mexican regulatory framework hagulatory instruments that allow
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permit holders to request from suppliers the irdenection to the National Electric
System. The following diagram illustrate the cutngodalities of permits and regulation

instruments allowed by the Mexican Legal Framework:

Institutions

In charge of issuing In charge of managing
models of agreements the distribution services
CRE CFE

Mocdlalities of Energy Production Regulatory Frameworks

Self-supply Conventional Renewable Energies Energy Purchasing
Cogeneration Generation

Independent production * Interconnection contract  *  Interconnection * Interconnection Contract
Import. * Electric energy contract * Tailored Agreement
Export distribution Agreement * Agreement for the

Small production ¢ CFE Back-Up System electric power

* purchase agreement transmission service

Figure 11 Modalities of permits and regulation mshents
(Source:Made by author from Lopez,2009; Ramirez-Camperos,2013; SENER,2007)

As can be observed, the only two possible waysattegpossible to be implemented
for Renewable energies are:

* Interconnection contract: It is the mechanism wherens and conditions
are established for the necessary interconnectedwden the SEN, the
renewable energy source and the permittee's corigumgenters, so that
this contract serves as a framework for all openatibetween the supplier
and the permit holder.

* Agreement for the electric power transmission ®ervilt allows
transporting the electric power generated fronrémewable energy source

to where its consumption centers are located.

And from these types of contracts, it is possileestablish the following
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modalities the use of the generated energy (WitviBus authorization of the CRE)
( ):

» Self-supply. Generation of electrical energy for self-consumptio

purposes, provided that said energy is destinsdtisfy the needs of natural

or legal persons and is not inconvenient for thentxy.

» Cogeneration.Production of electrical energy together with ste@am

other secondary thermal energy, or both

* Independent production.Generation of electricity from a plant with a

capacity of more than 30 MW, exclusively for saléite CFE or for export.

* Import. Acquisition of electric energy from generation &

established abroad through legal acts concludeécttir between the

supplier of electric power and the final consumer.

e Export: Generation of electrical energy to be used for explorough

cogeneration, independent production and smallymioch projects, which

comply with the applicable legal and regulatoryysmns, as the case may
be. Permit holders in this modality cannot transfer generated electric
energy within the national territory, unless théyain permission from the

CRE to carry out said activity in the modality inestion.

« Small production: It composed generation of electric power destined

to:

1) The sale to the CFE of all the electricity genataia which case the
projects may not have a total capacity of more B@mW in a given
area.

2) The self-sufficiency of small rural communitiesieolated areas that

lack electricity service, in which case the prageznnot exceed 1 MW.
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3) Export, within the maximum limit of 30 MW.

In addition, since 2007, the interconnection casttfar a small-scale solar energy
source was generated, which is applicable to alegdors with a solar energy source
with a capacity of up to 30 kW, which are interceated to the electricity grid of the
supplier in voltages below 1 kV and that do nouregjthe use of the supplier's system to

carry power to their loads.

From here it is possible to identify that a minidgsystem in Mexican territory
could be implemented under a regime of an agreefoetite electric power transmission
service by means of a prior authorization from go@ernment institutions (CRE and
CFE) and to be executed in the modality of a spradtuction regime while the project

does not generate more than 1 MW.

2.6. Solar Energy Sector in Mexico

Historically, Mexico has been an extremely oil degent country. Among the last
decades, the Mexican national energy balance h@asnsh positive evolution through
establishing most of its primary energy productitmough the consumption of
hydrocarbons such oil and natural gas:[ R It has been just until the last
decade that renewable energies started to havedadggree of integration in the electric
power production sector, through the use of biogasd generators, photovoltaic, and
thermal technologies. Nevertheless, the use ofwvebke energies in the country has keep

underutilized { ).

The following figure describes the evolution of tbemposition of the internal

energy supply in Mexico, and its respective disiiiiin in renewable energies during the
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period of 2005 — 2015:
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Figure 12 Composition of the internal energy supplivlexico (2005 - 2015)
(Source: PROMEXICO, 2017)

By 2015, less than 3% of Mexico's energetic dorogstbduction was generated
from renewable energies. Representing a very steaitlopment, especially terms of
implementation of photovoltaic solar energy conttibg less than 0.12% of the total
gross domestic energy supply, being overcome byseeof other renewable energies

such as wind generators or thermal energy@MEXICO, 201Y.
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Figure 13 Composition of the renewable energy geaedran Mexico (2005-2015)
(Source: PROMEXICO, 2017)

Even when Mexico has several regions where theegahf solar irradiation
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exceeds by far the values of some countries arthmavorld (And can be consulted in
the Appendix I) where the solar resources has laéready successfully implemented
( ), the development of the photovoltaic sector leenlimited by financial
constraints, rather than by legal constraints, mdscause to the lack of experience of
commercial banking in the sector, and the lack mévidedge of technology and its
technical and credit performance, has generatedrsaso where the majority of private

commercial banks in the country perceive the phataic investment as a high risk one

( ).

As aresult, most of the implemented photovoltaiceyation plants in Mexico ware
implemented in its origins as pilot projects or @&t of international programs in
collaboration with the Mexican government, causthgt most of the implemented
projects were oriented to mostly self-consumptiosppses of small communities, rural
schools and rural clinicsS¢ % like the Puerto Alcatraz Photovoltaic-wind-
hybrid in Baja California (the first openly docunted PV installation) performed in 1997
owning an installed capacity of 77.3kW. Formed byiBd turbines of 5kW, 2.30kW in
photovoltaic arrays, 60kW diesel machine and 200ldVa battery bank performed by
the Non-Conventional Energy Area of the Electrics&ech Institute (IIE). From then
other pilot projects were carried out in the citigls Mexicali, Baja California and

Hermosillo, Sonora oriented to Solar Home systent @hotovoltaic pumps. (

).

As a result of the implementation of the Energydrafin 2013 and other tools in
terms of regulatory framework and public policy addished in 2017, the Mexican

financial framework began to describe an environnodérgreater certainty for private
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investment in the distributed solar PV generatiecta through the implementation of

long-term financing models, fostering a paradignftsh the focus of photovoltaic

faciliti

propo

es in the country to open up large-scalestatied capacity for generation

ses{MB,2017; CRE,2017, DOF,2014).

The following figure describes the evolution oftdisuted installed capacity based

on renewable energies during the period from 20WIB2n Mexico:
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Figure 14 Evolution of renewable energies instattagacity 2007-2016 (kW)
(Source: ABM,2017)

Currently in Mexico there are 23 registered genengtlants distributed mainly in

the north of the country, which are focused on-setfsumption (11), Small production

(3) and Generation (9), representing a total itelatapacity of 214MW as described in

the fo

llowing picture:
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(Source: SENER, 2018)
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3. Design Criteria’s

3.1.Community Selection Criteria

The demographic distribution of the 3,5 million Mean habitants that do not have

access to any kind of electric power service caddseribed as followsENER,201):

Number of inhabitants in Number of Representative percentage
the community communities of total communities
0-19 3054 49.11
20-99 2950 47.44
100-149 113 1.82
150-199 47 0.76
200-249 20 0.32
250-299 10 0.16
300-349 4 0.06
350-400 3 0.05
401-449 3 0.05
450-500 6 0.10
501-549 1 0.02
550-600 4 0.06
600-1000 4 0.06
Total 6219 100.00

Table 6 Mexican communities without electricity mection sorted by population
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Figure 16 Communities without electricity accesMiexico given its number of habitants
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As can be observed, of the 6000 communities witla@eess to electric service
distributed within the Mexican territory, approxitaly 96% of them have a population
of less than 150 inhabitants. Being the main grpopppulations owning less than 20
inhabitants (49.11%) and populations between 2018 inhabitants (47.44%). from
there, the communities of 100 to 500 inhabitanpsagent a lower incidence (3.32%) and
populations with more than 300 inhabitants represea very scarce event (0.14%).
Therefore, its concluded that a technical implemgon that could be proposed for the
first two groups will allow to show relevant findja and design proposal that could be

easily multiplied to solve the energetic issuehis tommunities.

For the scope of this investigation, the modelihthe system will be carried out
using the community of San Pedro de Honor, locatelde municipality of Acaponeta in

the state of Nayarit, Mexico, as are reference.

Municipality
Acaponeta

Statc Level 7
Nayarit —

San Pedro de Honor

Nacional Level ~7 et \,ﬂ
Mexico .

200 K4 = \{

Figure 17Macro localization of San Pedro de Honor

This community was chosen because:
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* It is considered to be a good representative isdlabmmunity due to its
location of difficult access in the mountainoussaoé the country.

* Is located at a distance from the main networktgrehan that established
in 2018-2032 Energy Development Plan.

It owns a partially energized number of habitanysself-payed diesel
generator systems which facilitates to obtain stialireference costs, as
lifestyles and consumption trends.

* The total population of the community is lightlyeswange of 100 habitants
which is assumed to represent the maximum expeapdal cost of the

main two groups of communities.

The community of San Pedro de Honor owns a pojuaif 117 inhabitants, of
which around 50% of them decided to get self-ezedjthrough the acquisition’s diesel
generators. In order to do so, the diesel mustupehpsed and bring to the community

through a distance of 53.7KM per dirt road aredh@yowners.

£ 12h 6 min
57.3km

©Motaje

San Pedro(e .

Figure 18 Distance that is necessary to travel ¢oess the nearest community
(Source: Made by the author using GoogleMaps. Gad)19)
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The community is geographically located at 924 mseabove the sea level within
the Sierra Madre Occidental mountain system in ¢berdinates [22.3656544, -
105.1759338] making it difficult access. The clopest of the community to the main
grid distribution lines is located at a distanceager than nine kilometers. As as can be

observed in the following picture:

Motaje
L

13.5Km

Figure 19 Distances of San Pedro de Honor fromcdlbeest main grid access point
(Source: Made by the autor using GoogleMaps. Gqo@f)é9)

It is important to remark that although the disemased in the map describe a
straight distance as a reference, in the pradtiseég not possible due to geographical and
environmental issues, so in a real implementatiore\aen greater distances should be

expected.
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The following table shows the more representatem@algraphic information of the

population:

Characteristic Description

Total population 117

Population composition 65 men / 52 women
Ratio women per men 0.8

Fertility rate 3.15

Indigenous population 5.98%

Number of households 25

Access to electricity 50% (Supported by dieselegators)
Access to piped water service 87.5%

Access to own sanitary infrastructure 8.33%

Owns a radio receiver 29.17%

Owns a television 20.83%

Owns a fridge 4.17%

Owns a washing machine 4.17%

Owns a car 12.5%

Owns a Mobile Phone 12.5%

Owns internet Access 0%

Economically active inhabitats 29.917%

Educational Institution 1 (Elementary School)

Table 7 Demographic information of San Pedro de ¢ton
(Source: Author made from statistical data provitydPueblos America, 2018)

Regarding its Solar resource potential, the avenragdiation value of San Pedro
de Honor during the year is estimated at 5.91 kV¥f/iwith an average temperature of
22.4 °C, that varies from 19°C degrees to 25°Ceak=gim a normal day. It owns a relative
humidity of 60.3% and a clearness index of 0,632 bpresents low precipitations during
the year, mainly in summer during the months ofeJully and AugustNASA,2017),
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describing a mostly sunny region with moderatedmvaemperatures that allow the

proper operation of the Photovoltaic cells.

Regarding to the distribution and type of housihgs possible to identify single-
level homes, composed typically by up to 3 roonidichen, a bathroom and a common
space area. The following figure describes the Hbaolslis distributions in San Pedro de
Honor, making distinctions between the main buddirused for living and some

secondary structures that owns a rooftop.

. Main Household

D Secondary Structurs that
owns roal in the household

Figure 20 : San Pedro de Honor’s Households distidn
(Source: Elaborated by the author using GoogleMaatellite view)

As can observed, the distribution of householdshen community describes a
concentration in the center of the community (Zdrjeand followed by a lower
concentration of housing in the southern zone (Z9n&inally, it is possible to identify

two isolated houses far from the center. Metriedbetated by satellite approximations
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suggest that the household mostly owns a build @ireansion between 4Grand 50M
and mostly do share physical connection with otimerses of the community as sounded

by large back/front yard space.
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3.2.Solar Irradiance profiles.
In order to determine the solar resource profihethe region that can be used for
the power generator stage of the photovoltaic syst@e following databases were used:
* The National Aeronautics & Space AdministrationAEA's) global
weather database: that includes the surface mébggrand solar energy
data set observed for every month in the period3188005 from years
through the use of 200 space satellites.
* The data base provided by the NREL's Electric Syst€enter and the
National Solar Radiation Data Base (NSRDB): A data base that contains
the data files for the typical meteorological ydaring the years of 1961 to

2016.

The databases were access by the using the ofmliabare oriented to design PV
systems: PVSol (Version) and PVSyst (version 6.Fpm these databases, it was
proceeded to identify the values of solar irradeaand average peak solar hours per day
during each month in the community. For reasonspaice, the analysis per day is not
included in the body of this document. However respntative figures of each month

were generated and included as references andeclmiihd in the Appendix .

The following table illustrates the most represeweavalues per month that are

used in further calculations.
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50.80%

19.8] 47.30% 5.65 0.68
20.8] 42.80% 6.62 0.698

23| 42.50% 7.24 0.69
24.9| 48.00% 7.4 0.673
24.7) 69.50% 6.51 0.586
24.6] 79.00% 6.52 0.591
245 79.00% 6.36 0.596
23.9| 78.70% 5.77 0.585
23.6| 71.70% 5.48 0.63
21.1] 61.10% 4.85 0.65
18.9] 53.60% 4.07 0.599
22.4] 60.30% 5.91 0.632

Table 8 Monthly average weather and irradiation \eswf the selected site
(Source: Made by author from data collected from NASd NRLE database in PvSyst version 6.79)

3.3.System Design Criteria

In order to define a robust system capable of fyaig the community energy
demand, its mandatory to focus not just on thertieeth design, but also to understand
and correctly predict the socioeconomic, environt@eand cultural community drivers
and its consumption tendencies. Lessons learned frarious implemented off-grid
electric systems demonstrates that ignoring thas®ifs might result in incorrect sizing

and bad performance of the systéri@lelec ,201)

Firstly, studies suggest that the energy consumpifcan inhabited household is
described by a range of consumption oriented te@icthe daily needs of the house and

that is shared by the inhabitants of the home. Maisie, tends to be maintained
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independently in family or individual householddar associated with the construction
characteristics of the house and not the numbis ¢dtal residents. From this point, the
energy consumption in the house will tend to inseegiven the habits of consumption
for each resident )1 This allow to conclude the existence of
similar minimum consumption per household, whicimmarized will describe the

minimum consumption expected in the community.

In this context, the energy consumption has bedimate by some authors as a
commodity with an elasticity close to zero, poigtthat the economic income of the users
will not produce significant changes in the houdéscelectric consumptiofi

JHowever, some empirical studies performed in Maricommunities has
shown that this is not necessarily true, and revibat the energy consumption per capita
increases as the age of the head of the housetwihse and it's not likely to decrease
during time, mostly as a result of factors like therement of the economic income
through their lifework period that allows to purskamore commodities trough the time,
as well as the development of a family and the timehich the inhabitants are in the

house after retirement{ ).

This suggesting that the energy consumption andagipdiances of a Mexican
household have a direct relationship with the ssmomomic level of the users and imply
that when the economic income of a given user as&g its energy consumption demand
will also increase, as a result of the acquisibdbmew appliances and comfort products
( )1showing that far from what can be initially catesed,
the consumption increase in the household seemst toe directly related to the number

of habitants. Given that such studies, regardiregggnconsumption have not been able
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to correlate population growth and energy consumption in an evident way, and rather
support the theory that there exists a closer relationship between rates of economic growth

and/or higher incomes and the growth of energy demand (Darmstadter, 2004).

In Mexico, the economic income is measured in minimum wages, that is the
minimum amount of remuneration that an employer is obliged to pay to its employees for
their work during a given period and cannot be reduced either by virtue of a collective
agreement or an individual agreement. Currently, the minimum wage is set at 102.68
Mexican pesos per day or 5.38 USD (CONASAMI, 2018). Empirical studies focused on
energy consumption behavior and its correlation with the economic income per household
in Mexico in terms of its minimum wages seem to support the theory that, as the income
of a given household increase, so does its consumption (Sanchez, 2012a). This behavior
is described in the following figure, that shows the consumption per household in a given

quarter of the year against the income in the household given in minimum wages:

9000
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3000
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Energy Consumtion per Quarter (Mj)

1000

Il 1] v \ \ VI Vil IX X

Income meassured in minimum wages

Figure 21Energy Consumption Per capita per household according to their Income
(Source: Own figure based on Sanchez, 2012a)
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As can be observed, the figure describes treerdiftedoehaviors depending on the
income of the household. First, in the range core@dsom one to four minimum wages,
it is possible to identify consumption values tinatease slowly under values of 2000MJ,
then a greater disparity is observed with a witm@e accelerated slope growth from
values from 2000MJ to 4000MJ, finally the consumptslope drastically changes to
show a more aggressive values for houses withamea higher than the eight minimum

wages.

The reasons for this behavior seem to not be ceiveluyet, and are probably
related to factors like the climate, lifestylesltatal patterns of the region, consumption
patterns, area of residence, age structure andatign of the household(

)Y)Zhowever, it is a behavior that must be takero int
consideration to implement an isolated systemdbald satisfy the energy demand in the

community for a long time.

An example of this phenomenon is the energy consompf cooling devices in
Mexico. According to INEGI statistical data, morkah 50% of the low-income
population does not own cooling devices, such as far air conditioning, while
population groups with more than five and up torténimum wages spend a significant
portion of their electricity demand for coolingNEGI, 2017). Interesting findings also
shown that households that earn more than themmamiwages owns heating appliances,

7

even when for most of the population do not correidét as a real necessity
Yo This allow to show that some appliances, like ¢boling or heating
devices, can represent the behavior of an elastrmrodity, and might be acquired by

the habitants of a house in the community if teemnomic income allows it, generating
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drastic changes in their energy consumption halHisce, the private household energy
consumption must be considered a dynamic factdn ahianging consumption values

over time based on available factor incomedye et all, 2007

The following table summarize the more represergatssues identified in the
lesson learned minutes of different Off-Grid systemplemented around the world. It
describes the type of off-grid system, its desigtega and the more relevant problems

that were identified during the off-grid system ogien.

Places

Rio  Negro,
Argentina

Type Of
System

Off-Grid

Village

Designed Approach

It was designed to ru
during two or three
punctual times at day
basic load composed (
two lights (4h) and @
small radio (2h)

Real Profile Found After
Implementation

Even when 66% of the
population operated under the
designed load profile. It was
possible to identify systems

was used during the who
day)

It was also found that some
the habitants that could afford
it even added new appliances
like small televisions and
VCRs.

Puerto Plata,
Dominican
Republic

Medium
SHS
Profile

It was designed to run
television (3-4h), a ligh
system (4h) and a rad
(the day)

It was found that habitants
used television from 8 to 10
hours per day

ElpevlEws Off Grid | It was designed as | The original system was

Alaska, Village Pilot program tg insufficient and was

United States proposed to satisfy th irreversibly damaged due
electric consumption { overconsumption.

small community till

Complete substitution af
100 people. battery banks was required
The system wal and an upgrade of the

implemented to in 4
population of 65 peoplg

numbers of the Photovoltajc
panels was also needed.
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Alaminos,
Philippines

Hyderabad,
India

Baja
California,
México

off Grid
Village

Load Profile wasg
designed for 6(
households with an
estimated consumptio
of 2000 Wh/day pe
home.

The proposed loa
profile was compose
by a light system, a radi
tape recorder,
television and a VCR.

No autonomy days wer
considered during th
design and it wa
suggested to the users
suspend Televisio
usage during the rain.

Habitants
periodic load disconnection
during normal operations.

experienced

S

It was found that users do not

suspended the wuse

in less than 2 years.

It was found also

that
Television consumption was

of
television during the rain and
the battery bank was damaged

increased on weekends and

the radio was used for th
majority of the day.

Off Grid
Village

Designed to satisfy 6
households and 30
people with a
consumption of 200(
Wh/day per home.

The real consumption profil
was duplicated from th
original estimations.

As a solution the habitants

gathered to watch televisig
in common areas in order
avoid electric power
disconnections.

SEETERIEN Off Grid

Village

The load profile was
designed to satisfy
schools, a hospital,
restaurants and 4(Q
residents distributed i
30 households.

The load was compose
of a television (3-4h),
light (4) system and
radio.

To avoid parasite
consumptions, th
power provided to th¢
appliances wers¢
controlled by
implementing  On/off
switches (There was n
standby Consumptio

appliances, and th

D

e

®

n
0]

Result shows that even when

the school and the hospital

met the designed
consumption profile. The
consumption profile in the

124

house holds reflected profile
bigger than expected as
result of leisure activities.

S

It was also found that the load

described three
peaks during the day.

A morning peak: where light
and
preparing breakfast.

An afternoon peak: where th
load reflected lunch

preparation appliances, the

63

period|c

[72)
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consumption of eac| radio usage and in some cases
load would be eithe| the television as well.
zero or its nomina

_ An evening peak: where the
consumption)

load was characterized by
meal preparation appliances,
leisure activities after sunsgt
that included the use of all
lights, television and the radjo
turned on.

It found that television wa|
used 8 to 10 hours and
sometimes together
sometimes with a VCR
system. Some of the villagers
purchased satellite dishes
reinforcing the importance of
television viewing.

[

Table 9 Lesson learned minutes of implemented @xdifsystems around the world
(Source: Elaborated by author from Minutes providgeduralelec, 2014 and Ndeye et all, 2007 )

The information gathered allows to identify that tmain problematics were
generated by the
» Load profiles were not realistic and were desigoedsidering ideal static
scenarios,
* Some design assumed a zero consumption that ismékely to happen,
* Design do not considered protection against incbusage,
* It was assumed that habitats will not increaseaitllprofile over time,

* It was assumed that users will follow strictly dhessign consumption criteria.

In fact, most of the documented designs were mnsigded considering a static load,
that achieved to satisfy basic consumption pattémmsfailed as result of not considering
a future electricity demand, the increase of congion due realistic users patters as well

as not considering development of incoRerhaps the most valuable lesson learn that
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could be get from these minutes is that the reasamption in an off-grid system tend to
be bigger than the original load profile estimatiand has a constant tendency to increase
(Ndeye et al, 2007reason why the design of the system should censieé possibility

of expansion according to the household consumption

Similarly, it is important to do not underestimé#éte usage of the loads oriented to
leisure during the daily usage, that accordindpéofindings tend to get a priority for their
residents over other appliances and lead to a hatgily consumption. This is supported
by information in the minutes that state that sdarailies within these implemented
projects decided to suspend the usage of theniglsystem in order to extend the usage
of appliances like the televisiorR(ralelec, 2014 An even more drastic founding
suggested that some of the user would like to aelevision during the whole day if
possible {ldeye et al, 2007 This is an undoubtedly relevant finding in thetan
context where it load profiles and consumptionveys conducted by INEGI in
households supported the notion that the highestredity consumer (not necessary the
highest load) is generally the television (usednfrd to 8 hours per day), followed by
washing machine, radio and refrigerator bearingnind that the cooking equipment

predominantly is operated by LPGI{ ).

Lastly, it is necessary to consider the currentupeton trends in the communities
of Mexico as well as its composition structure. Btendard consumption profile reveals
that couples without children as well as non-fanhibuseholds, which are increasing in
numbers, are associated with highest per capitautoption based on their higher free
income while couples with children have the lowesergy consumption per capita

(Sanchez, 2000
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Based on the foregoing, the following design ciddave been decided to develop

the designs of the isolated electrical system efchmmunity:

* A similar daily consumption must be supplied for luseholds in the
population, supported by theories that householts avsimilar economic
income generate a similar daily consumption.

* A standard Mexican load profile should be propoasd minimum daily
consumption and not a restrictive consumption fgofi herefore, it is
recommended that the load profile reflect the dadpsumption habits in
terms of the use of devices and ranges of operatiothe Mexican
population mean.

» The design of the network should consider the pd#giof extending its
installed capacity, given that consumption per lebotd can increase based
on economic income.

* The inclusion of smart devices should be includethe network in order
to allow the daily monitoring of the load, protexcti of the devices,
identification of excessive consumption load, wa#l the consumption

identification of necessary upgrades in the system.

And in accordance with the guidelines establishedhie "2018-2032 Energy
Development Plan”

* The proposed system should generate as much ablpdesonomically

and technically) the greatest amount of energy uino the use of

photovoltaic technologies and minimize dependemctossil fuel.
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3.4 oad Profile Design Criteria

Predicting the profile of an off-grid system is ot easy task as in most cases, no

previous relevant consumption information is erigt( ){ Therefore,

researchers have followed develop diverse apprgatchéormulate possible loads that

could be used in for the design of the PV systems.

The most recurrent approaches used to formulatead Profile that were identified

during the literature review can be summarized as:

1)

2)

3)

4)

Arbitrary Generation (The load profile was suggéstéhout providing
a specific formulation)& ).
Use of a Similar Context load profile (The selectead profile was
selected from a similar community, economic incohmusehold,
similar region, ect) [
).

Electric Appliance and consumption habits assumptf®dhe load
profile is generated from a selection of electrppleances and its
calculated by using proposed use periods)-K

)
Stochastic methods (The load profile is generatgdyp probability

distribution functions)( )

Given that there are no consumption profiles thatlee used as a reference, for the

present investigation it was decided to carry ami@ure of third and fourth approaches.

By selecting devices that can be found in the ageeMexican household and suggesting
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a consumption time reflecting the time distribuarported by the average population.

Firstly, regarding the appliance selection. It wassidered that the best alternative
identified to parameterize the load characteristica faithful way with the Mexican
sociodemographic consumption was the usage of nf@mation provided by the
National Household Income-Expenditure Survey pregdxy the INEGI which includes
data on the expenditure that households make agyenmeluding electricity and fuels,
together with an extensive database of sociodembgranformation. In addition, other
information identified in research was used as WRIEGI, 2016; INEGI, 2017; INEGI,

2018; Gonzélez and Duran, 2012

The following table describes the main electrigaplaances that are commonly
counted in households in Mexico according to thea datained by the surveys conducted
at the national level {EGI, 2016; INEGI, 2017; INEGI, 2019. These data were used to
define which and how many devices are more likelpe acquired by the houses of the
community and thus achieve the parametrization hef bbad profile used for the

community as follows:

Number of appliances per households in Mexico

7,66 54,01 25,1 9,25
11,88 87,3 0,78 0
15,69 81,7 2,43 0,16
18,17 80,46 1,29 0,3
20,22 76,32 3,03 0,29

29,1 69,67 1,21 0,02
51,24 42,25 502 1,07
53,01 27,48 11,96 4,93
54,44 43,19 2,06 0,25
56,77 42,69 0,49 0,01
69,89 24,48 3,42 1,58
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76,6 22,49 0,71 0,18
82,14 16,66 0,17 0,04
85,45 14,43 0,11 0,01

85,8 13,29 08 0,1
89,39 9,02 1,11 0,45
91,17 8,4 0,3 0,13
92,33 7,55 0,17 0,03

Table 10 Number of appliances per households in ddexi
(Source: Generated from INEGIL,2016; INEGL,2017; INEGI,2018; Gonzdlez and Durdan, 2012)

From this information it's possible to note that maahan 80% of Mexican
households owns at least one refrigerator in theme being one of the main purposes
of energy use in Mexican households, however iseRpected to owns more than one.
Regarding entertainment appliances, it was fouatiaiound the 91% of households have
at least one television, and owning two or mor¢gheke devices is an expected practice
as the economic income increase. In contrast ta was observed in the load profiles of
the systems used for reference, there is a tendamd¢lye reduction of musical players
like radio, radiocasted recorders and stereo apg@® showing a behavioral change in
the last decades. Regarding computers, even the&teaetendency on purchasing this

type of appliance, its identified that less tha@a28f the total household owns one.

Regarding the availability of other household #&ppies for general use, it is
possible to observe that almost all homes haveast lone blender, washing machine or
iron, but devices such as microwave, toaster, gnéntvideo game consoles, VCRs and
vacuum cleaners are items not likely to be foundllitnomes, not been clear if this is a
result of cultural practices or purchasing powertdrms of food cooking, 87.30% of
households have at least one stove, and is not&g& own more than one of these
appliances. From these stoves more than 99.4% Rsgak for this practice, less than

0.06% use electric stove$NEGI 2018; Diaz and Mansera 2002; Sheinbaum et al, 1996).
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In relation to the ambient temperature applianitegas identified that about 96%
of households do not own cooling or heating appkan 87.63% does not have air
conditioning, and 53.01% of households do not Hawes in their home. From, those
household owning a fan, data suggest that 60% @#its just one, 30% two and 10%

rest 3 or more, distributed between mounted fadspantable fansIilEGI,2019.

Finally, regarding to the lighting service, it isgsible to identify a central trend in

the number of spotlights per household, as careee & the following figure:
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Figure 22Numbers of Lightbulbs per households Inibtex
(Source: INEGI, 2018)

However, it's possible to determine that two to tomination lamps per
household are used more frequently, representohgpinand outdoor ones. Been two or
three bulls the representative value in small egsids like single apartments, and four to
eight the average number in a normal residentiak@oThe main technology used for
this propose is fluorescent bulbs representing @ 2 the total population, then
traditional incandescent bulbs with a 16% and Kn&lED technologies with 12%
(INEGI, 2019. Itis observed that 12.55% of households us®usibs, close to 5% use

nine bulbs; Households using more than ten are 3% and lower. Supporting the theory

70



exposed in last section, and showing that the numibleulbs per household is affected
by housing characteristics and the household incorather than the number of

inhabitants per householf8ifiches, 2012; Cruz and Duran, 2015).

The following figure illustrates the common locatiand hours use of light bulbs

in the Mexican households:

BackYard
4

3.5

3
BathRoom 2 £ Kitchen

Halls and Stairs Dinning Room

Other Living Room

Figure 23 Usage time and place of electric bulbthie Mexican Households
(Source: INEGI, 2018)

Regarding the parameterization of the consumptidheorefrigerator appliances,
it was decided to use the daily average consumptture established by the manufacturer
as reference, given that being a device that wayksycles, an analysis of its consumption
profile in time lapses does not represent a rediablue that can be used as a reference.
It is important to note that this value changescalty depending on the technology and
size, so it was decided to use the distributiorfilprahown below for the selection of

devices of the types of refrigerators used:

71



Extrabig (9>20ft) I 1
Big (16-20ft) [N 16

Medium (11-15ft) | 43
small (6-10ft) | 57

Compact (6ft) [l 2

0 10 20 30 40 50
%

Figure 24Percentage distribution of refrigeratoesiper Household
(Source: INEGI, 2018)

Pointing that small and medium size refrigerataes lkkely to be found in the

standard Mexican Household.

Finally, it is important to note that the databas#icates the existence of electric
efficiency appliances in the average Mexican hoakklgiven the current regulations in
Mexico. Based on these figures it is possible émidy that 72% of the refrigerators, 65%
of the washing machines and 56% of the air conukti® used in the households are
characterized as high energy efficiency devide&Gl , 2019, reason why it was
decided to include this kind of devices in the eleterization data base used for the

simulations.

Another demographic information used to performlibad Profile calculation that

was not included in this section due space propesexluded for conveniences in the

Appendix I.
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3.5Main Grid Extension Criteria

As described in the last section, the selected aaomitynis located inside the
mountains, having the closest main grid distributioe in a distance over 9 Km. As a
result, the extension of the main grid was desigrsonsidering the use of several
transformers that allows to reduce the losses girdong distances. Similarly, the use of
robust concrete structures that can handle the ramaus environment, humidity and
vegetation was selected, as well as special céid¢sould prevent the easy corrosion or

get damaged by the existing trees.

The technical design of the Main grid extensionas covered technically, given
that its implementation was already discarded k& dbvernment authorities due its
distance to the main grids access point over S5SKENER, 2018 However, its empiric
design is included in order to perform economic parson of the proposed mini-grid

systems.

The proposed investment and system design wergajedeby using the costing
and dimensioning tools provided by the CFE compamyts website, that are used in
order to request permits for the extension of tiresmt main gridCFE, 2019. As a result,

a given static system selected from the CFE datalbas used as reference for the current
investigation which is defined as "1C-3F-3H 13 KN AWG AAC-PC RURAL" that is

the technical mane for an aerial line distributgystem composed by a three-phase (3
cables / 3 phases) and is made of concrete potegnedel for rural areas, operating voltage

of 13V and uses aluminum cable size 1/0 known a€ AA

This kind of system is able to provide a voltageupfto 220V to the designed
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residential area and its costs without taxes dnaladed below:

Concept Cost per km Total cost per concept

(MXN) (MNX)
Cost for line connection - 2053.42
Initial Deposit - 35,681

Permanent installation 160,939 1,448,451
materials and equipment

Civil and electro- 101,241 911,169
mechanical work

Project design 2,627 23,243
47,925
2,466,469

Supervision 5,325

Table 11 Main grid extension costs not includinges
(Source: Elaborated by the author from cost progitdg CFE,2019)

As it is possible to observe the cost of the systeralculated per kilometer. Since the
nearest access point of the main network to thenmamity of San Pedro de Honor are within an
approximate distance of 9Km this value was dectddz used in order to parameterize the costs.
However, it is necessary to point out that givem mfiountainous geographical conditions a real

implementation of this project will represent figthdistance.

Hence, the necessary investment for the main gmchection would sum up to a
minimum of 2,466,469 Mexican Pesos or an equivabérit28.685,55 USD. Given the
geographical area and temperatures in the sitaghkcable tariff is likely to be type 1
as shown in table (A short description of Mexicanftis included in Appendix 4). These
values will be the used ones for the levelized obstnergy in the further scenario’s
analysis. Hence, the designated PV mini-grid systeould be determined as

economically attractive if the LCoE is below théerence values of the grid connection.
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Concept Description

Basic For each of the first 7
ol eilelgB (seventy-five)
kilowatts-hours.

IEELIENEE For each of  the 0.984
olpiiglaifelel following 65 (sixty-
five) kilowatt-hours.

Excess For each additiong 2.879
wolalSifaiel ¥ kilowatt-hour to the
previous ones.

Table 12 CFE energy cost for electric Tariff 1
(Source: Elaborated by the author from cost progitdg CFE,2019)

3.6.Optimization Criteria

Given the design guidelines established by the 822032 Energy Development
Plan "established by SENER. The design scenarinsidered for the development of the
network are reduced to the use of photovoltaic gteey which given their inability to
satisfy electrical energy during the night needide a secondary generation stage, such
as a bank of batteries or diesel generators. @#ebnologies of a renewable nature are

not considered given to the scope of this proposal.

Therefore, the suggested scenarios can be desasbed
Isolated
Community

| L. &3

Figure 25Scenarios proposed for the current ingzgion
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ID Scenario Description

S1 | Main Grid Extension Provide electrification be tisolated rural community
by extending the Main Grid

S2 | Full Photovoltai¢ Provide electrification to the isolated rural commity
System with 100% by using a Full Photovoltaic Mini Grid Systems an
Battery Back Up Battery Bank

[oX

S3 | Full Photovoltai¢ Provide electrification to the isolated rural commity
System with Diese| by using a Full Photovoltaic Mini Grid Systems and
Generator Back Up | Diesel Generator for back up energy.

S4 | Full Photovoltai¢ Provide electrification to the isolated rural commity
System with Hybrid by using a Full Photovoltaic Mini Grid Systems| a
Back Up Battery Bank and a Diesel Generatorfor back| up
energy.

Table 13Proposed Scenarios.

For each scenario the following constrains was naeffi to evaluate the

implementation of the Photovoltaic Mini grid soturi

Constrain Profile Criteria and Performance implications

Q1 Full Energy| The energy should be secured at all the time (N8|
Security outs allowed), ignoring Economic or Social implioas.

Q2 Economic A middle point between cost and energy security if
Optimum desired (blackouts are tolerated).

Q3 Load Restrictive | There exist a restriction of consumption profiles| o
appliances allowed in homes. This might affect difigde
in the community.

Q4 Upgradable A homogenous load is provided for all users. Bt |th
system might be upgradable as needed per houseinold
owner must absorb the cost.

Table 14Proposed Constrains used for the Scenanltion

3.7 Economic Evaluation Criteria

The economic comparison between the proposed systeenmade by using the
Levelized Cost of Energy (LCoE), given it allows gerform comparison of all costs
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involved in each given design and compare in tesfiscost of production.

For the purposes of this investigation the LCoBascalculated by using the NPV
method, that allows to discount the expenses reduor the investment, the payment
flows of revenues and all the expenditures comang/érd during the whole power plant
lifetime by referencing a given date. In this widng LCOE can be described as the follows

(Konstantin, 2018

Myel
Z?ﬂﬁ

Equation 1 Levelized Cost of Energy General Formula
WhereLCoE represents the levelized cost of electricity give MXN/kWh, I,
represents the investment expenditure given in béexipesoA, represents the annual
total cost per year in a givenM, ) represents the produced amount of electricityifnk
per yearj represents the real interest rate ratio andlfinarepresents the economic

lifetime in years.

In a more general context, the LCoE can be alsorites! as:

LCoE =1+ (XL, Income — )i, Costs)

Equation 2 LCoE general Formula

Wherel represents the investment cost of a given sce{@APEX), Income
represents the incomes generated by the gene@dnohmeasured during a given time
(Represented by the amount of generated eleclricand Costs represents the

operational cost (OPEX such insurances, laborara$tmaintenance) during a given time.
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All the cost used for the economic calculations @v&ained from the cost in the
Mexican market, and were imported in the simulatieoftware to perform the

optimizations.

4. Design of the Photovoltaic Smart Mini Grid System

4.1 oad Profile Formulation

Based on the previous findings, an appliance datlvas created from the
selection of common devices and brands availablearMexican market. Load profiles
used in the present investigation and a consumptne was generated dynamically
during the period based on the probability funciestablished for each of the devices.
To do so, first a selection of the components #natstatistically found in the Mexican
households was created in an excel file and weqraraged in 3 main categories:

« Basic necessities appliances: Are those consideesdential to be included
in each household or are statistical included instmaf the Mexican
Households according to the statistical analysihefMexican appliances,
like a lighting system, a refrigerator, televismnclothes washing machine.

 Standard necessities appliances: Are those thabedound in a standard
Mexican household (earning from 3 to 6 minimum vw&gbut might vary
according to personal preferences like a secoruiggbn, a fan, a computer,
an electric stove or a microwave, and are randgeherated according to
the statistical information explained in Appendik |

e Luxury necessity appliances: Are those devices #wording to the
national surveys, are held by high income usersij@g from 6 to more

minimum wages), like an air conditioner systemmebectric heater.
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Then in order to simulate the different income pesf3 main different Load profile
criteria was defined:

* Basic Load Profile (BLP): Is a load profile compdseist by the basic
necessities appliances and reflect the currenistaio in the population at
the moment of setting the mini grid without considg a change in the
appliances due the income.

» Standard Load Profile (SLP): Is a load profile thatlude the basic
necessities appliances, in addition to random adeed from the standard
list. It aims to represent the changes from BLEhW&®SLP due a possible an
economic income increase in the household.

* High Income Load Profile (HLP): It's a load profiteat include the SLP
appliances plus random ones selected from the ywategory. It emulates

high income in the household

Each load profile was generated by using Excel Baéunctions that allowed the
random selection of the profiles and devices. Titeeload consumption and use time was
generated according to the statistical usage tmoigs reported in the national surveys.
Finally, the total consumption of the community wgsnerated by adding the 25

generated load profiles during a desire time.

For the purpose of presenting the load profile data format that could be used
by a photovoltaic systems design software, thegdesi Excel Macros were generated
the load profile output in a time measurement wrdkthat was formulated in a discrete
manner representing each hour of the day in 15 t@iperiods, as a that each load profile

per household would allow to generating a set o¥&6ées per day. In such a way that
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the load profile that represents the daily consurngter household would be determined

by the following equation:

T=96 n=N

TL(t, 1) gay = Z Z L(n) * P(n, t)

t=1 n

Equation 3. Formula of total daily consumption pésusehold

WhereTL(t, n) 45y represents the total load per day generated kgpaliances in
an discrete time composed from a measured peoatfto T, n represents a given item
in the designed appliance list composedNbgomponents of a given generated Load
Profile,L(n) represents the hour consumption of the applianoeWh divided by four
andP(n, t) represents a probability function of the dewvic® be operating in a given

value of timet.

Then the total consumption per day of the commumétytime can be determined

as the following formula:

H=25T=96 n=N

TL(t, 1, H) gy = Z Z Z L(n) * P(n, 0)
H

=1 t=1 n=1

Equation 4 Total consumption per day of the comiguni

WhereTL(t, n, H) 4oy represents the total load per day generated paliances

in all households given in a discrete time compdsat a measured period fromio T

amd H represents the number of households in timencmity.
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The following figures illustrate the common outmiditthe load profile elaborated

buy the excel Macros functions:

Standard Restrictive Load Profile with Electric
Cooking Appliences Load Profile

1000

900
800
< 700
= £ 600
g3
E < 500
§ S 400
O 300
200
100

1 23 45 6 7 8 91011121314151617 18 19 2021 22 2324

Day Time in 15 min Intervals

Figure 26 Standard Load Profile
Similarly, the generated list of appliances wasegated as follow:
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Frontyard Lighting
Backyard Lighting
Kitchen Lighting
LivingRoom Lighting
DinningRoom Lighting
BathRoom Lighting
Fan (Portable)
Radio
30" LCD TV
DVB Digital receiver
Game Console/ DVD Player
Mobile phone charger
Tablet Computer
American-style Fridge
Freezer
Blender
Bread toaster
Coffee Machine
Electric stove / Cooktop
(Medium)
Microwave
14-15" Laptop Computer
Inkjet Printer
Projector
Scanner
Curling Iron
Electric iron
Clothes Washing machine
Water Pump
ADSL / Wifi router

23
23
13
13
23
13
50
40
60
25
180

10
180

450
900
1000
1500

1200
70
30

270
18
35

1100

800

746
10
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4,5
4,5

2,75
1,5
9,5

24

3,25
5,25
24

0,75
0,5
0,25

0,5

0,25

0,25
0,25
0,5
0,5
0,5
9

Table 15 Standard Load Profile
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103,5
103,5
39
117
63,25
19,5
950
160
360
600
540
78
52,5
4320

337,5
450
250

4500

600
350
7,5
270
4,5
8,75
550
400
373
90

15697,5



4.2 Photovoltaic Mini Grid Stages.

As explained in the past chapters, the generattsirel of a Photovoltaic Mini grid

system is composed of the following elements:

Photovoltaic .
X Load Controller === Inverter . ;
Generator Stage Load

Secondary
Generator Stage

Battery Bank

{Optional)

Backup System

Figure 27 Photovoltaic Mini grid system Block Diagn

The load profiles generated last section are usedpat in order to determine the

sizing of the Photovoltaic mini grid network.

4.2.1. Sizing of the PV Generator Stage
The general relation of power that should be predidy the arrangement of solar
panels per day to the community is defined as:

(Total Loadyyy,)
Peak Sun Hours

Total Power py =
Equation 5 Minimum power relation that should beyided by a PV generator
Where ‘Total Power py” represents the total power consumption geneiayatie
photovoltaic generator stage array, fiwtal Loadyyy, "indicate the total power generation
day required by the community per day and"fPeak Sun Hours" represents the peak

sun hours that are provided at the community. treoto ensure the energy satisfaction
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of the community throughout the year, the sizinghaf PV generation stage should be
made by using the irradiance values of the lessrédble month. As a result, the minimum
power that should be provided per day by the P\eg®or step in the community grid

can be obtained by the following equation:

_ (Wq)(Gegm)

P- . =
Min 7 (Ggp) (PR)
Equation 6 Minimum power that should be providedgey by the PV stage

WherePFg,,. indicates the minimum total power of the photéaal generator
phase in WattsW, represent the total energy consumption load icdimemunity per day
in Wh, Gegum represents the irradiance constant under Stari@stdConditions (STC),
that is referred as the value of 1000 WAN25C and 1.5 AMGg4,, represents the average
irradiation value of th worst month given in WHinfinally the PR represents the
performance ratio of the system. Even when theevafia PR ideally should be 1, in the
case of the current design a value of 0.06 asggesied for off-grid systems composed
by a load control system, an inverter and battanklf<umar and Sudhakar, 2015). Then
the number of Photovoltaic panels required to e minimum of the community will

be given by:

Npy =
PMax
Equation 7 Number of required PV panels

WhereNpy indicates the total number of modules neededduige the minimum

consumption in the installatioRg, . indicate the minimum power of the Photovoltaic

generator phase in Watts aPgl,, indicate the maximum power that can be providgd b

a given commercial photovoltaic panel technologgilable in the market in Watts. In
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order to not oversize the number of panels, thevahg relation is used to calculate a

more precise fit from the number of panels in tatabdase.

Poyin < Pa < 1.2 Pgy,,,
Equation 8 Sugested production range of PV pannels.
Once the number of panels needed to satisfy thly dansumption of the
community is identified, it would be necessary &iedmine a back-up generator that
could provide energy to the community grid in cties the photovoltaic generator stage

cant provide enough power, as it might happen dysartially cloudy seasons, presence

of rain or unexpected peaks of consumption in traraunity.

4.2.2. Sizing of the battery bank stage

Under the criterion of reducing the use of diesel to the lowest possible, it is
suggested the implementation of a bank of battevib®se size is determined by the
equations presented in the current section. Firstlgrder for the battery bank to satisfy
the community's energy consumption, the authorgestgits design considering the
maximum current that is necessary to maintain & diistem during the peak power
consumption of the community!{ )5 In this way, the general equation to
calculate the maximum current required in the nétwo define the battery bank will be

determined by:

Wy

VSyst
Equation 9 Maximum current required to be providgdhe battery bank.

IMax =

Wherel,,,. represents the maximum operating current that ineigirovided by
the system,W, represents the total power consumption requirethbycommunity per
day in Wh and/s indicates the nominal voltage used for operatiothe system of a
given 12V, 24V and 48V system. However, in practit® mandatory to consider in
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addition to the nominal voltage of the system ferttechnical specifications. Allowing

to rewrite the maximum current required to be pdedi by the battery bank system as:

(Ad)(IM X
Isyst = Ta) (Lp)

Equation 10Maximum current required to be provithgdhe battery bank.

Wherelgy, represents the Maximum operating current that roasprovided by

the systemA, represents the days of autonomy, in other woregi#tys that the battery
should provide energy to the system in case thattetis no sunlight source, which
according to the atmospheric performance in tha dase is usually less 2 dal$.x
represents the maximum operating current that cteldrequired by the systed,
represents the depth of discharge recommendechéogiven battery, which must be
respected in order to correctly use and maximieeuseful life of the battery bank and
avoid reducing as was pointed previously in thetisecthat for deep cycle battery
systems is usually recommended in the range vafu@.®@ And L; represents the
performance factor, including some factor like Exsby yield, increase of temperature

and yield of materials, and are provided for eagkrgbattery in its specification sheet.

From the identification of the necessary currehiré are several possible
combinations of battery arrays in different voltagages, in parallel or in series, which
can be satisfied with the existence of various cemncral brands. For the present
investigation we proceeded to determine the differecenarios and look for the
maximization of cost-benefit in a more efficientyl@y using the database and calculation

software included in the PVSol and PVSyst desidgtwsmes (version 6.79).

4.2.3. Load Regulator
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Once the current is identified, the maximum currthe system and the number
of batteries for the system need to be determigedea as the necessary system load
regulator. According to the recommendations of ssdvauthors, the selected Load
controller must be able to:

* Resist a simultaneous overload without risk of dgenat standard
temperatures.

* Be able to handle at a short-circuit current withoaninal value of at least
25% higher than the short-circuit of the given RAhgration stage at STC.

* Produce a minimum current with a nominal value bfeast 25% more

current than the maximum consumption current innigsvork.

In this way, the input or load current of the regat is defined as:

Iin = (Isc)(Npy) * 1.25

Equation 11 Load Regulator Input current

Wherel;, represents the input current to which the chamaroller must be
selected from the options in the marlgt,represents the short circuit current that can be
provided by the given solar panel selected for slgstem and is indicated in the
manufacturer's data sheet, finalNyy represents the number of panels in the system.
Similarly, the intensity of the regulator outpuiivie determined by a value in a range of
20% to 25% of the maximum peak current consumptadaulated for system loads and

that was defined in the calculation of the loadfipgo

Similarly, the output current will be determined as
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IOut = (ISyst) *1.25

Equation 12 Load regulator output current

Wherelg,; represents the minimum output current that shbalgrovided by the
selected load regulator and is indicated in thevidey datasheet specificatiorgy;
represents the maximum current required in theegystccording to a given operational
voltage and was calculated in accordance to thet poafile and the battery bank in the
last sections. It is concluded that the selectidh@device will be determined directly to
the nominal data of the intensity of input and omitpf the regulator defined by the

manufacturer.

4.2.4. Sizing of the Inverter stage
Given that the vast majority of the appliances lalde in Mexico operate under a
voltage regime of 120V in alternating currentsimandatory to include an inverter stage
for the transformation of continuous to alternatcugrent. The general equation of the

output power relation of an inverter is determibgd

_ (WMax)
POut - C

Equation 13 Output power relation of an inverter

WhereP,,,; represents the output power of the inverter thaieicessary to satisfy
the energy demand in a given household and is ¢edvin the characteristics of a given
Inverter,Wy, . represents the maximum peak power that may bereebjorovide during
a normal day, and finally C the coefficient of sitaneity of the devices usage in the

given home.
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From a design point of view, assuming a scenariere/all devices are executed at
the same time is unrealistic, which is why thedwling design criteria are suggested.
e The sum of the powers of the equipment in the Huaigeoperating
simultaneously must not exceed 80% of the nominalgw of the inverter.
* The Inverter must be able to work at a minimumcedficy of 90% nominal
24 hours/day.
* The input voltage of the inverter must be seleatedccordance with the
nominal direct current voltage established in te&vwork for other elements
in the network like the battery bank or the loadtool stage (12v, 24V or

48V)

The installed power required for the inverter unsienultaneity of 90% will be
defined by:

P — (WMax)
Out . 9 0

Equation 14Installed power required for the inverteder simultaneity of 90%
Pout represents the output power of the inverter thatecessary to satisfy the
energy demand in a given househdld;,, represents the maximum peak power that

may be required during a day.

From the obtained value it is possible to chooseitable inverter available in the
Mexican market. For the research paper, it has lsnded to use the existing

components in the database of the official softiR&ol and PVSyst (version 6.79).

4.2.5. Sizing of the Diesel Generator Stage

For the economic comparisons of different mini-grishfigurations, it is necessary
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to consider the inclusion of a diesel generatorcvltian function as a secondary energy
source replacing the battery bank. The selectiocgss was carried out following the
methodology used by other authors( )1As expected,
the optimal design suggested in the reviewed tiieeafocuses on the dimensioning of a
community generator with the ability to meet theae of the community during periods
when energy demand cannot be met by the PV geoestage( Yo Similar

to the PV generation stages, the minimum power izt be provided by the diesel

generator are determined by the following equation:

Min Power > (Loadwy,)

Equation 15minimum power that must be provided bydibsel generator

Where ‘Total Power ” represents the minimum power that should be geadr
by the diesel generator antiotal Loadyyy, "indicate the load of consumption that must to
be supplied to the community in a given time. lingortant to note that the electric
power with is referenced in their apparent powerasoeed in kVA, within their

spreadsheets.

Where the ratio of kVA and kW are defined by thiofeing relationship:

KW

kVA =
Cos @

Equation 16 Apparent power measured in kVA

These values can be found in the specificatiorsaoh generator provided by the
manufacturer. Then the amount of energy suppliedthay diesel generator can be

described on time as:
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P(K)our = (Pe)(Q)(H(K)) (Nfah EM, 200

Equation 17 Amount of energy supplied by the digseérator

WhereP(k),: represents the amount of energy supplied by tesetligenerator,
P; is the nominal rated power of the genera@orepresent the constant load fraction at
which the diesel generator is operated, finHl(k) represents the constant of time that

the diesel generation is operated.

For the present investigation it was proceedeceterchine the different scenarios
and look for the maximization of cost-benefit inmeore efficient way by using the

database and calculation software included in W8dP.

Among the design criteria, it is considered thatdbnerator must have the capacity
to supply parameters of a partial to total demanithé community, focusing its selection
on a greater efficiency factor in fuel consumptitia.selection is reduced to models of
three-phase character allowing to feed the equipwfaghese characteristics in scenarios

that include elements such as air conditioning.
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4.3 Description of the Selected smart components

The components used for the proposed PhotovoltaartSMini Grid (PSMG) was

chosen focusing in a balance between functionaiitpglity and cost. A 48V voltage

components was selected for the operation of te&esy as showing better results (in

terms of relation of cost, energy production angbacity storage) according to the size of

the system. All selected components have a wartdnip to 25 years, with the exception

of batteries that have a warranty of up to 10 years

The following table describes the selected comptnémat were used in the

networks:

Component Descripton

Bauer Polycrystalline Panel
Solar (330w, 24V, 8.7A)

It consists of 72 cells of polycrystalline silicol.
owns a power capacity of 330W with a maxim
short circuit current (Isc) of 9.3A, a voltage
maximum power (Vm): 37.95V and a maximu
current intensity at maximum power (Im) of 8.7A

M
at
m

Fronius Primo 3.8-1 208-240
Smart Inverter

The device was selected due its property of beln
to be connected with another 3 Inverters and og¢
in Master-Slave configuration, allowing to share
surplus of energy of a particular PV generatioges|
to other inverters in the same topology. This e
to efficiently distribute the available energy imet
grid without the need to request the usage (
secondary generation stage until the Master inw¢
requires it.

It includes a communications card that supy
ethernet and Wireless connection that allow
monitor the solar installation through the WAN
LAN.

It also includes a MPPT controller that allow

ab
prat
th
a
abl

nf a
orte

Dort
to
or

to

identify the balance between voltage and currer

t of
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several solar panels connected in serial configurat
and operate them at their maximum power removing
the need to acquire additional load controllers.

Three-phase inverter| This device is specialized in the handling of badse

Fronius Symo Hybrid SkW | jjaving the technical characteristics similar tarri
Smart Inverter, is selected as slave investompifice
guestion.

An inverter of three-phase characteristics wwas
selected, foreseeing the use of devices such &s wat
pumps or air conditioners that may require it.

Fronius Three-phase Smart | It is a consumption measuring device to be ingdalle

Meter 50KA-3 in the house. It allows to measure consumption
statistics, as well as to configure and dynamically
control the power supplied to the home provided
from the PV stage.

It allows to observe instant energy consumptioa in
web portal of the manufacturer, as well |as
consumption graphs throughout the 24 hours a day.

Table 16Selected Components for the Smart Mini Gadfiguration

The Smart inverter devices was selected due itpepty of been able to be
connected to other Inverters (In Master-Slave guméition) allowing to share the surplus
of energy between different points of the PV getenastage, as well as allowing to
expand the smart mini grid dimension by connechew inverters to the connection
points operated by the master inverters. Anothactal property identified on this
technology is the existence of two MPPT lines thiédw to operate the voltage and
current input of several PV connected in Seriafigomation by just one device. Similarly,
the slave inverters designed to operate a batterk allows the possibility of distributing

the energy surplus during the day.

All the Smart devices in the network (inverters aneters) allows to be remote

monitored by the use of web services, allowingriow the consumption profiles of the

93



community, similarly the smart meters allow to riestthe peak and maximum
consumption per household in case the configuratrequire it. This allow to develop

direct functionalities in the normal operation loé tgrid:

» The possibility of identifying when it is necessaoyincrease the installed
capacity in the network,

* To monitor the consumption per household, creathg possibility of
developing a tariff system to pay for the elecsgevice if it is appropriate.

« Identify load profiles that are excessive in theamek

* Limit the consumption of households on the bankaiferies and ensure its

maximum useful life.

For the design of the proposed networks, the plodtaie generation stage was
designed in a concept of star topology, which irgf generation nodes composed of
a smart inverter (master) operating centrally upthcee other inverters (slaves).
Meanwhile the slave inverters are responsible fanaging the banks of batteries
distributed in the community from the energy susphenerated during the day. Finally,
all the master inverters are connected to the rgedistribution bus that reaches the

homes through an access point delimited by thetameter.
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5. Simulation Results and Analysis

5.1Installed Capacities of the Mini Grid

The optimization was realized by using the offigaftware oriented to design PV
systems: PVSol (Version) and PVSyst (version 6.1ring the process several
architectures are tested, to provide of those tbptesent to be more feasible to be

implemented in accordance to the design criteria.

The following table describe the three system igométions and its respective

required installed capacity in kW for each proposeehario:

Figure 28 System architecture and its required installedazzy

5.2 Economic analysis

The Economic analysis consisted on a comparistimedf CoE during the 20 years
of expected life of the proposed Mini-Grid systerfise analysis includes a cash flow
during the including the life time of the projecnsidering different type of cost like the

replacement cost, diesel fuel costs, operatingadicapital cost in its NPV.
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At the moment of performing this investigation thiesel cost in Mexico is 20.85
Mexican pesos (MXN) per liter, in comparison wikie trest of the world that describe an
average value of 26.21 MXN5(obalPetrolPrices, 20)9the Investment cost of Diesel
generators was estimated at $500,000.00MXN, theannflation rate in Mexico is
considered as 5%, and conservative value of irntemgsof 10% and a weighted average
cost of capital of 20% is used reflecting the valused by the average of Mexican banks
(Banco de Mexico, 20)9By using this parameter, the lowest possiblgaihtapital costs,

operating costs, net present costs, and cost afrpeelectricity.

The results of the economic evaluation are shovtharfollowing table:

2,466,469.00 485,894.39 3,206,409.70 6.39
7,184,861.10 5,747,888.88 15,088,208.32 19.53
500,000.00 12,922,857.14 16,928,942.86 13.98
4,671,211.03 2,802,726.62 8,922,013.07 9.91
2,466,469.00 485,894.39 3,206,409.70 3.77
12,158,995.71 |9,727,196.57 25,533,891.00 12.91
500,000.00 13,887,142.86 18,192,157.14 8.87
7,558,972.51 4,535,383.51 14,664,406.67 6.26
2,466,469.00 485,894.39 3,206,409.70 2.37
19,343,856.82 | 15,475,085.45 36,946,766.52 9.64
500,000.00 15,250,000.00 19,977,500.00 6.12
11,730,183.54 |7,038,110.13 22,756,556.07 4.56

Table 17 Economic Evaluation

96




As can be observed, each of the suggested cortiiguraas its own advantages
and disadvantages for the community. First, thenl\Gid extension describe an expected
behavior displaying a more attractive LCoE as thresamption in the Household increase
distributing in a faster way the cost of investmamtl maintenance. It still is important to
remind that in this calculation the distance fag thain grid extension was assumed as
9km, however, in a real implementation the impletagon would likely represent a least

3 times the proposed distance due geographicaltommsl

Regarding the smart mini grids implementation, asgible to observe that even
when the investment cost associated to the BLResept the lowest cost, it still reflects
the highest higher LCoE, then the implementatiorthef smart mini grid suggests an
inconsistency, since the implementation of the netwvould suggest the creation of new
expenditures, in a sector with already restrictmshemic income. This suggest that the
consumption profiles do not justify the investmeninfrastructure like the suggested
devices (smart devices, a battery bank or a highaty diesel generator) and therefore
a simpler grid might result a more feasible implatagon in terms of cost, sacrificing
the benefits on functionality and upgradabilitytioé design. An interesting characteristic
identified during the design, is that the systeming allow to satisfy most of the
consumption of the BLP by the use of the PV dutiregday hours for 9 of the 12 months
of the year, been just the rainy seasons of thgJwae, July and August) and in night,
when the system requires the use of the battery. llRegarding the diesel configuration,
it is observed that even when the consumption lerdfies not suggest a strong usage of
the diesel generator during the not rainy seasbes;apital cost of the diesel generator

heavily impact in the LCoE, similarly to the bajtdrank.
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On the other hand, HLP suggest the lowest LCoEtduegh energy consumption,
however this is translated in an oversizing of Hystem translated in the biggest
investment cost. It is observed that particuldnly tise of devices with high consumption
per hour (like the air conditioner) is translatetbuge increase of the run-cost generated
during the rainy months, that are also the hottésthe year, suggesting a biggest
consumption of diesel usage. Interestingly the aonion habits of this profiles during
the rest of the year allow to cover the batteryespsand the diesel generator capital cost
in a faster way during the not rainy months’ periodwever, in a realistic approach, it is
not expected that the economic income in the conitmenrrently represents profiles
like the HLP. It is important to remark that thenycost generated of this profile were the
highest ones when comparing the S3, particulariynduhe rainy season that are also
related to the hottest month, suggesting a morgeushair-conditioner appliance that is

mostly covered by the diesel fuel investment cost.

Finally, it was concluded the SLP configurationsttzes more cost-effective ones
(Particularly those in the range of 15kWh to 20k\iat represented a more conservative
consumption habits) that allowed better LCoE tenBLP ones and less investment cost
than the HLP. In terms of design, the LCoE and N®Rulations, a tariff implementation
allows to suggest the implementation of the smaiaks and the second power
generation stages, that are also justified by timsemption habits of the middle-income
load profiles that tend to stay stable under theeeted consumption estimations allowing
a more suitable sizing of the PV generation stagd,reducing the run cost related to the
diesel generator. It is considered that this miightnostly related to the absence of devices
of high consumption like air conditioner o extresiege devices that tend to generate more

consumption during the rainy season and duringinhes of the day where the irradiance
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do not provide enough energy to satisfy high consion load (evening/night),

suggesting that restrictive load profile in terms appliance might perform more

effectively. From the social point of view, the Sdesign allows the integration of a
greater range of devices useful for daily life, ls@s washing machines, refrigerators,
some power tools, a second television or compatdellite internet services and even
replacing the gas stoves, by electric stoves, sgoteng as the only identified restriction
of design the non-inclusion of air conditioning dfiles of >3h of usage per day) or
electric heaters in general, that according tostiaéstical figures explained in the load

profile design criteria, are not likely to be puaskd by the Mexican mean.

Regarding to the comparison of the four scenati@msNPV shows the hybrid mini
grid system as the most viable implementationpfeid by the PV Diesel variation and
letting the Full Battery and PV as the less feasdaglenario, one of the biggest reason that
was identified performing the cost analysis wasrtbeessity of substituting the whole
bank of batteries in 10 years, when the dieselrgémewas expected to last more than 20

years given its low usage.

It is important to point out that each mini gridglamentation represents different
characteristics and therefore the results of tiaahegrid are not decisive to perform
comparison with other communities’ implementatioRer example, while the cost of
extending the electric grid to an isolated commumtreases according to the distance,
the performance and cost of mini grids and theedlligenerator will depend on the
location of the community and its consumption rab#articularly in the proposed hybrid
design (SLP and SLP), a very reduced use battemik bad the diesel generator is

observed during the daytime, suggesting that thewwoption was mostly covered by the
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PV generation stage reducing the run cost of faelduring not rainy days.

5.3 Photovoltaic Smart Mini Grid Line Diagram
The following diagram illustrate the Line diagrartioe proposed SLP mini grid

generated in PvSol:

Diesel Generator

Consumption
(136,875 kWh,
30,1Wp)
(1

25 X

Figure 29 SLP Single Line Diagram
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6. Conclusions
The use of photovoltaic technologies in smart ngimats, undoubtedly represents
a feasible strategy to provide energy securityheo 3,5 million people living in isolated
villages within Mexico and that still lack of elect service. This is because the
irradiation values that exist in most of the Mexidarritory allows to establish power
generation designs without having to depend omthim distribution network, relaying

in the use of photovoltaic modules as its main gnegeneration resource.

The main reason for not extending the main netwotkese communities is their
high investment cost and loss factors that restilise distribution stage in the Main Grid.
The use of isolated photovoltaic mini-grids allothe implementation of self-sufficient
systems that are able to satisfy the consumptiedshef its users, while at the same time
avoid the production of emissions attributed touke of fossil or nuclear resources that

are currently widely spread in the conventionalt@ized system around the world.

By the use of mini grids, it is allowed to estabigy a wide range of possibilities
for the benefit of isolated communities. In theiabterms, the availability of energy easy
to access allow to improve their lifestyles andwlits integration. Examples of this is
the access to cheaper lighting services, the pbgsddf using refrigerators to extend the
useful usage of food or even eliminating the depand on the use of fossil resources or
biomass for food cooking activities through thegration of electric stoves and reducing
in this way the concerning related to the diffigudiccessing to this type of fuels or the
harmful side effect associated to the exposurésamissions. Similarly, mini grids can
also enable the use of communication technologig;h can open new opportunities

for improvement in education and knowledge acoessnomic development, or ensure
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the requirements for better quality of health-omehtechnologies. Last, but not least, it

could allow the integration of electronic devices éntertainment proposes.

The access to a large number of electrical appisnepresents a great advantage
from the social point of view, but in the same wiaiyepresents an increase in the costs
and in the complexity of the installed capacityuieed to satisfy its functions. Because
the number of devices in the household and it hotitse (also known as load profile),
will be reflected differently between each housdhuwlithin the community and its
nominal value will tend to increase over time, mioreelation to the economic income
of the members that live on it, than in terms @& tlumber inhabitants. This generates a
crucial factor in terms of network design, in swichvay that it becomes meritorious to
foresee the possibility of its expansion in oraeavoid the obsolescence of the system

or the damage of its components.

From the point of view of design, this problemai#n be solved in two ways, the
first one, by implementing a restrictive systentdmms of the technologies allowed to be
used in the mini grid and the time of use allowedach appliance, leading to restrictive
repercussions on the lifestyles of it users, or thg second way, through the
implementation of systems that allow to satisfys themand levels by means of other
components in the mini grid, like a secondary eypeggnerator stage that works on

demand or due the increase of capacity in the grid.

On the one hand it has been demonstrated througinatemplementations, that
the restrictive profiles tend to be insufficient satisfy their users demands and its

consumption habits and end up negatively impacdtieghetwork components generating
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economic losses due highest operating and maintercast. However, on the other hand,
proposing an oversized network tends to represdmgta capital cost, which investors

generally do not consider attractive.

From the technological point of view, this reseactiose to make a disruptive
implementation and tried to find a middle pointraiigh the improvement of the
traditional components used in the current PV mrd system by the addition of smart
devices (such as the use of smart meters and smarters) that autonomously control
the distribution of current and voltage in the netiy while at the same time allows to
monitor the consumption of each household in th@mmanity in real time, and even
remotely through the use of connections to LAN é&fN\communication networks. This
allow to foresee the development or expansion®hiitwork as users increase its energy
consumption habits, as well as the establishmieatariff system, if considered viable,
which can be implemented by a governmental or feiugstance, allowing to establish a
restrictive design for a community in a certaindijrbut that allows to develop with the

consumption of the population and with its economeome.

To this end, the design and proposal of variousvoids were developed, which
were designed using load profiles that reflectlifiestyles of homes with a low, medium
and high income. These profiles were generatedorahydfrom the statistical data of the
Mexican population generated through the natioeakuses, under the premise that the
network should be able to provide a fair lifestide its users compared to the styles of
life of the main network users. The profiles wessigned under design constrains that
focused on the maximization of energy security lffackouts), economic maximization

(lower LCoE possible), possibility of being expaddgelection of components and
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topologies that allow adding new installed capaaitygl users) and restrictive profiles
(focused on including or discarding specific tedoga@s of high consumption, or
consumption habits that would affect the otherglesriteria as well as increase the costs),
then load profiles was chosen aiming to use thosievere representative for each social

sector ( low, medium and high economic income)

Finally, the proposed loads profile was simulated aptimized through the use of
professional software focused on the implementaiigrhotovoltaic systems (PvSol and
PVSys). The criterion of positive comparison betwte proposed systems was its LCOE,
which allowed to identify that the PV smart minidgsystems were economically feasible

and possible for its implementation.

The results allowed to point out the hybrid minidgdesign, oriented to middle
income users and made of PV technologies, a diggwdrator and a battery bank, as the
most propitious to be implemented in terms of emst design criteria. Mainly because it
represents a balance point between investmentmesienting a NPV more competitive
than the other systems and a competitive LCoOE, #flatvs to satisfy the capital
investment through the consumption habits of tlegjsn conjunction with a design that
supports the possibility of use of a great varadtgevices that can be found among the
average Mexican mean, being restricted only theofisé& conditioning for more than 3

hours as well as the use of electric heaters.

From the economic point of view, this presentspgbssibility of providing, not just
the social benefits to the population, but alsodbs@blishment of new market models,

where the implementation of the mini grid can bggobdynamically by the consumptions
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of users without the need that some other institutias to absorb the investment costs.

As expressed during the analysis of the Mexicaallét@mework, Mexico has a
regulatory framework that allows the implementatodra smart mini grid system under
a regime of an agreement with the electric powangamission service and by a prior
authorization from the government institutions (C&l CFE), that will allow it to be
executed in the modality of a small production megiwhile the installed capacity does

not generate more than 1 MW.

In fact, the Mexican regulatory framework has akowthe implementation and
distribution of decentralized energy facilities ®@n1992, however the proliferation of
electric generation projects that do not follow ¢tbaventional centralized paradigm were
not possible till the last decade, as a resulhefdstablishment of a centralized control
regime regulated by the Mexican government thatmpted the usage of fossil fuels.
Generating the development of economic incentiveslegal tools that encouraged the
investment and development of the Main grid andeised the competitive advantages
of most of the decentralized and renewable syst@ins.result of this practices has
prevailed to date, generating a perception thatestmaent in renewable energy
technologies, such as the photovoltaic sectoresgmt unattractive investments and high-
risk among the banking institutions. It was urtié testablishment of the energy reform
in 2013 and the consolidation of its legal refoons2017, that finally longer loan periods
was allowed for this type of technologies, allowthg development of renewable energy

projects with greater installed capacity, as regmeesd by a mini grid.

However, to date, it is still necessary to atteauartain barriers that exist in the
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Mexican sector to achieve the consolidation of wait#e energy systems such as smart
mini grids. First, it is necessary to develop pebkcoriented to the development business
models for decentralized and isolated generatistesys, given that currently, the regular
framework established by the Mexican regulatoryituisons (CRE and CFE) is strictly
focused on centralized paradigms, which allow tieaton of capital through the sale of
the energy resource through its provision to thergad or through modalities of self-
consumption, however, it does not make clear thielejnes for the creation and
development of tariff systems that could create petitive costs for users not connected
to the main grid. This greatly restricts the atfi@c of investment in the sector and
reduces the possible implementation of photovolpaigects to a very specific systems,
like setting PV to attenuate the high consumptegimes, or like the development of
photovoltaic generation plants oriented to provedergy to the main grid. As a result, it
generates that most projects oriented to the ersagyrity of isolated communities need
to be self-financed or to be provided by a govemmiaeorganization or a non-profit

institution.

In this context, the combined participation of @séers, transnational institutions,
market leaders and the governments of the coungriefscrucial importance, in order to
establish consensus on terminologies, characterisind frames of reference on
decentralized technologies that allow to creatkeara@ontext that could be used for the

development of policies and legal tools.

It is suggested too, to stablish policies that erage and raise awareness about the
protection of resources and better energy consompiabits in the Mexican population,

as well as the establishment of a framework of tstdading between the government,
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the educational institutions and the Mexican eitg, in order to strengthen the
proliferation of sustainable energy consumptionitsalsimilarly, it is recommended to
establish a great policy control over the qualitg ahe energy efficiency of the electric
devices and the current housing standards availabtbe country. Because as was
observed in the consumption rates of the houses up to them to achieve the

development of more efficient and sustainable syste

Finally, it is necessary that the electrificationdacredit strategies provides
achievable guidelines to plan and implement deabnéd systems in realistic time
frames, and not just focus on investment and ioflatates, in order to establish an a
more attractive market for the private investmeamig develop a framework where the

geographical location would be no more a restncto have access to electric service.
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I. Appendix | distribution and time of use of main appiances in
Mexican households

In the current appendix are included the percenthggibutions and appliance
usage time statistics used for during the loadileragfenerations. The figures were

generated from the information gathered from INEGEGI,2017)

Porcentual Distribution time using Television per
day (Hours)

m>9 m539 ®m2a5 la2

Figure 30Porcentual Distribution time using Teléoisper day (Hours)

Type of Television sizes used in Household

35.4 34.9
21.6
) I

>50 inches 40-49 Inches 30-39 Iches <30 Inches

Figure 31 Type of Television sizes used in Houskehol
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Figure 32 Type of Television Technologies useddndeéholds per location

Porcentual Distribution of Iron Machine Usage
during the day time
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Figure 33 Percentual Distribution of Iron Machineséye during the day time
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Percentage distribution of refrigerator size per
Household.
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Figure 34 Percentage distribution of refrigerataze per Household
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1< hour ‘
L
25 o s
e
>9 hours _
0 5 10 15 20 25 30 35 40

Other W Gas M Electric

Figure 35 Percentage distribution of heater type igeusehold
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Figure 36 Type of Heater used in housing

Type of Air Conditioner Appliences used per
Household and Time of Usage

2< hour
2 -5 hours
5-9 hours

>9 hours

o
(€]

10 15 20 25 30 35 40 45
Other m Central/window m MiniSplit

Figure 37 Type of Air Conditioner Appliences usedhpeusehold and Time of Usage

Percentage distribution of type of fans and time
of use per Household
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Figure 38 Percentage distribution of type of fansl ime of use per Household
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Figure 39 Percentage Distribution of Numbe of fars Household

Porcentual Distribution of Washing Machine
Usage per time %
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Figure 40 Porcentual Distribution of Washing Machibsage per time %
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Il. Appendix Il Special load Profiles

During the trade-off analysis, several variatiomghe BLP, SLP and HLP were
created in order to represent different desigregatand user consumption patterns.
Those profiles were used to observe the econom@alsand design implications that
could result of introducing particular appliances the load profiles or because
implementing design restriction criteria, suchlesuse of air conditioning in homes, the
substitution of the use of gas stoves for elestoves, several televisions in a household,
high consumption profiles, the inclusion of poweols and the use of electric heaters.
Those loads list appliances are not included imtaa body of the current investigation
due space reasons but are included here for disgr purposes. The following table

describe the criteria used to formulate the vamain the BLP, SLP and HLP:

Main Profile Category
BLP SLP HLP

slglz|alglS|=]algls]|s

ZI = 5' :I a | 3 5' :I Q '52' o :|

2| 2|[®|2|3|g|"|2|F|2 |z
BLP Appliances X [X [X [X [X [X [X |[X |[X |[X |X
SLP Appliances X [X [X [X [X X
HLP Appliances X X |[X |X |X
Light Efficiency X [X [X [X [X [X [X |[X |X X
Electric Cooking X X (X X X |X |X
Not Electric Cooking | X X |X X
Air Conditioner X [X |X X
Hight Profile Usage X X
Restrictive X X X X |X
Not Restrictie X X X
Electric Heating X

Table 18 Criteria used to formulate the variatiortfire Load profiles used in the trade-off analysis.

From this it was possible to estimate the conswn@nd maximum power ranges
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required to be met in each Household, which weee s calculate the total consumption
of the community. The total energy consumption (Wdly) and the peak consumption
(W) of the more representative load profiles thatevused during the decision of the

design of the load profile are shown in the follogvtable:

Basic Income Load BLP Aopliances and
Restrictive with Gas 677.25 10,006.75 use ofpfp Gas
usage for Cooking
Basic Income Load BLP Aopliances and
BLP | Restrictive With Electric 713.75 13,006.73 bp
Cooking Electric Stove
Basic Income Load Status 528.75 10,186.0( BLP ;.and SLP
Quo Appliances
Standard Restrictive SLP Appliances and
Income Load Profile 6,182.04 10,097.5C use of LP Gas
Standard Restrictive
Income Load Profile with SLP Applian nd
Electric Cooking 8,882.0( 15,697.5(Q ;PP 2"t 2
Appliances Income Load
ugn sLp | Profile
g SLP Appliances and
S ﬁtri;}%ard Income Load |4 76 55 20,587.5( Air Conditioner (3-
= 9h)
o
a . SLP, HLP Appliances
£ fg(;dgigfﬁégh Incame™ =/ 576,95 29.242.5( and Air Conditioner
= (3-9h)
High Income Load Using 1 026.95 o5 141 75 HLP Appliances and
Gas for cooking T '™ 77" use of LP Gas
HLP apliances in the
High Income Load :\:exlﬁanr:'g: "
Restrictive Mexican 1,500.25 31,441.79 f°°| e mean |1se
Mean of Electric cooking
and Air conditioner
HLP 3-9h) Load Profile
High Income Load using HLP Appliances and
Gas For Cooking and 1,026.25 35,041.74 Air Conditioner (3-
Heating Restrictive 9h)
HLP Appliances and
High Income Load Gas i d Air Conditioner (3-
For Heating 1,750.23 45,241.73 9h), Electric Heater,
and others

Table 19 Load Profiles consumption comparison adicgy to it design criteria
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From the elaborated load profiles, it is possiblelentify consumption ranges that
are tentatively presented due to consumption habitscrease of income per household.
Indicating a consumption of up to 11k W/h in BLB @ 29kW/h for SLP and values

above 45kW in HLP.

It was observed that the ranges of variation terrdrnain within an expected range
regardless of consumption habits within the sarad |urofile category, however, as new
appliances were added, consumption per househedgpred a greater range of variation
that depended directly on consumption habits irshu(hours that each user watched
TV for example) making difficult to parameterizeetbonsumption ranges as the profiles
with a bigger income was introduced to the simalai Being the devices like the control
of temperature, the dryer of clothes, clothes wasglmachine, the electric stoves, the
vacuum and the dish washing machine that genelagggst changes in terms of peak
consumption required in the household, and thapesgd an increase of the capacities

of the devices required in photovoltaic network.

It was observed that even though the substitutiogas stoves in the home for
electric stoves represented an increase in thg dad peak consumption of the house,
they represented a predictable consumption behdvatrallowed to establish specific
design criteria to cover it in terms of daily constion. However, in terms of
entertainment devices such as computers, radielevision, it was observed that the
wide range of possible consumption habits (randgiom 2 to 9 hours per household)

makes difficult to establish an equitable pattdroomsumption among all the households.

For the purpose of network design, it was decidegstablish an average expected
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consumption per household as follows:

11,000.00 600.00
25,000.00 1,100.00
35,000,00 2,000.00

Table 20 Average consumption Values used to design the PV Mini grids.

The following figure describe the comparison of consumption per day per

household according to each proposed:

CONSUMPTION

—

I

1800
1600
1400
1200
1000
800
600
400
200

Consumption Comparison Per Day According to each Profile

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

Basic Load Restrictive with Gas usage for Cooking

Basic Load Restrictive With Electric Cooking

Basic Load Status Quo

Standard Restrictive Load Profile Gas

Standard Restrictive Load Profile with Electric Cooking Appliences Load Profile
Standard Load Profile
—Standard High Load Profile

——High Load Using Gas for cooking
——High Load Restrictive Mexican Mean
——High Load using Gas For Cooking and Heating Restrictive

——High Load Gas For Heating

Figure 41 Consumption Comparison Per Day According to each Profile

Similarly, each load profile appliance list can be found in the next pages:
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Basic Load Restrictive with Gas usage for Cooking

Frontyard Lighting

Backyard Lighting
Kitchen Lighting
LivingRoom
Lighting
DinningRoom
Lighting
BathRoom Lighting
Fan (Portable)
Radio
30"LCD TV
DVB Digital receiver
DVD Player

Mobile phone
charger

Tablet Computer

American-style
Fridge Freezer

Blender

Electric Stove
(Small)

Microwave
Kettle - Electric
14-15" Laptop

Computer

Electriciron

Clothes Washing
machine

Water Pump
ADSL / Wifi router

10

180

450

1000

1200
1200

70

1100

800

746
10

4,5
4,5

2,75

1,5
9,5

24

3,25
5,25
24

0,75

0,5
0,5

0,5

0,5

0,5
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39

117

63,25

19,5
950
80

600
180

78
52,5
4320
337,5
3000
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600

350
550
400

373
90
13006,8



Consumption

Basic Load Restrictive with Gas usage for
Cooking

123456 7 8 9101112131415161718192021222324
Day Time in 15 min Intervals

Figure 42 Basic Load Restrictive with Gas usagedooking
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Basic Load Restrictive With Electric Cooking

Frontyard Lighting
Backyard Lighting
Kitchen Lighting
LivingRoom Lighting
DinningRoom Lighting
BathRoom Lighting
Fan (Portable)
Radio
30" LCD TV
DVB Digital receiver
Game Console/ DVD Player
Mobile phone charger
Tablet Computer
American-style Fridge
Freezer
Blender
Bread toaster
Coffee Machine
Electric stove / Cooktop
(Medium)
Microwave
14-15" Laptop Computer
Inkjet Printer
Projector
Scanner
Curling Iron
Electric iron
Clothes Washing machine
Water Pump
ADSL / Wifi router

23
23
13
13
23
13
50
40
60
25
180

10
180

450
900
1000
1500

1200
70
30

270
18
35

1100

800

746
10
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2,75
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3,25
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0,75
0,5
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0,5
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0,5
0,5
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4,5
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Consumption

Basic Load Restrictive With Electric Cooking
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Day Time in 15 min Intervals

Figure 43Basic Load Restrictive With Electric Coakin
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Basic Load Status Quo

Frontyard Lighting 100 4,5 1 450
Backyard Lighting 100 4,5 1 450
Kitchen Lighting 100 3 1 300
LivingRoom Lighting 100 3 3 900
DinningRoom Lighting 100 2,75 1 275
BathRoom Lighting 100 1,5 1 150
Fan (Portable) 50 9,5 2 950
Radio 40 2 1 80
25" colour TV Generit CRT 150 0 1 0
(2000)
DVB Digital receiver 25 24 1 600
DVD Player 60 3 1 180
Mobile phone charger 6 3,25 4 78
Tablet Computer 10 5,25 1 52,5
American-style Fridge 180 24 1 4320
Freezer
Blender 450 0,75 1 337,5
Kettle - Electric 1200 0,5 1 600
Water Pump 746 0,5 1 373
ADSL / Wifi router 10 9 1 90
10186

Basic Load Status Quo
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Figure 44 Basic Load Status Quo
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Standard Restrictive Load Profile with Gas For Cookng

Frontyard Lighting 23 4,5 1 103,5
Backyard Lighting 23 4,5 1 103,5
Kitchen Lighting 13 3 1 39
LivingRoom Lighting 13 3 3 117
DinningRoom Lighting 23 2,75 1 63,25
BathRoom Lighting 13 1,5 1 19,5
Fan (Portable) 50 4,5 2 450
Radio 40 4 1 160
30" LCD TV 60 6 1 360
DVB Digital receiver 25 24 1 600
Game Console/ DVD Player 180 3 1 540
Mobile phone charger 6 3,25 4 78
Tablet Computer 10 5,25 1 52,5
American-style Fridge 180 24 1 4320
Freezer
Blender 450 0,75 1 337,5
Bread toaster 900 0,5 1 450
Coffee Machine 1000 0,25 1 250
14-15" Laptop Computer 70 5 1 350
Inkjet Printer 30 0,25 1 7,5
Projector 270 1 1 270
Scanner 18 0,25 1 4,5
Curling Iron 35 0,25 1 8,75
Electric iron 1100 0,5 1 550
Clothes Washing machine 800 0,5 1 400
Water Pump 746 0,5 1 373
ADSL / Wifi router 10 9 1 90
10097,5
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Consumption

Standard Restrictive Load Profile with Gas For
Cooking
600

1 23 456 7 8 9101112131415161718192021222324
Day Time in 15 min Intervals

Figure 45Standard Restrictive Load Profile with Gas Cooking
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Standard Restrictive Load Profile with Electric Cooking Appliances Load Profile

Frontyard Lighting 23 4,5 1 103,5
Backyard Lighting 23 4,5 1 103,5
Kitchen Lighting 13 3 1 39
LivingRoom Lighting 13 3 3 117
DinningRoom Lighting 23 2,75 1 63,25
BathRoom Lighting 13 1,5 1 19,5
Fan (Portable) 50 9,5 2 950
Radio 40 4 1 160
30" LCD TV 60 6 1 360
DVB Digital receiver 25 24 1 600
Game Console/ DVD Player 180 3 1 540
Mobile phone charger 6 3,25 4 78
Tablet Computer 10 5,25 1 52,5
American-style Fridge 180 24 1 4320
Freezer
Blender 450 0,75 1 337,5
Bread toaster 900 0,5 1 450
Coffee Machine 1000 0,25 1 250
Electric stove / Cooktop 1500 3 1 4500
(Medium)
Microwave 1200 0,5 1 600
14-15" Laptop Computer 70 5 1 350
Inkjet Printer 30 0,25 1 7,5
Projector 270 1 1 270
Scanner 18 0,25 1 4,5
Curling Iron 35 0,25 1 8,75
Electric iron 1100 0,5 1 550
Clothes Washing machine 800 0,5 1 400
Water Pump 746 0,5 1 373
ADSL / Wifi router 10 9 1 90
15697,5
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Standard Restrictive Load Profile with Electric

1000
900
800
700
600
500
400
300
200
100

Consumption
in KW/h

Cooking Appliences Load Profile

1 23 45 6 7 8 91011121314151617 18 19 2021 22 2324

Day Time in 15 min Intervals

Figure 46 Standard Restrictive Load Profile witle@&ric Cooking Appliences Load Profile
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Frontyard Lighting
Backyard Lighting
Kitchen Lighting
LivingRoom Lighting
DinningRoom Lighting
BathRoom Lighting
Fan (Ceiling)

Fan (Portable)
Radio
30"LCD TV
DVB Digital receiver
Reader-CD / DVD Player
Game Console
Mobile phone charger
Tablet Computer
American-style Fridge
Freezer
Air extractor (bell)
Blender
Bread toaster
Coffee Machine
Electric stove / Cooktop
(Medium)
Microwave
14-15" Laptop Computer
Desktop Computer
(Standard)

Inkjet Printer
Projector
Scanner
Curling Iron
Electric iron
Electric Shaver
Hair Dryer
Drill - 1/2"
Hedge Trimmer
Strimmer
Weed Eater
Clothes Washing machine
Water Pump

Standard Load Profile

23
23
13
13
23
13
75
50
40
60
25
60
180

10
180

500
450
900
1000
1500

1200
70
200

30
270
18
35
1100
20
1500
750
450
500
500
800
746
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ADSL / Wifi router 10 9 1 90
20587,5

Standard Load Profile

Consumption
in KW/h
D
o
o

1 2 3 45 6 7 8 9 1011121314 151617 18 19 20 21 22 23 24
Day Time in 15 min Intervals

Figure 47 Standard Load Profile
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Standard Appliances High Load Profile

Frontyard Lighting LED Bulb - 100 23 4,5 1 103,5
Watt Equivalent
Backyard Lighting LED Bulb - 100 23 4,5 1 103,5
Watt Equivalent
Kitchen Lighting 13 3 1 39
LivingRoom Lighting 13 3 3 117
DinningRoom Lighting 23 2,75 1 63,25
BathRoom Lighting 13 1,5 1 19,5
Window Air Conditioner 12,000 1200 6,25 1 7500
BTU NA
Fan (Portable) 50 9,5 2 950
Radio 40 2 1 80
42" LED TV 50 9,5 1 475
DVB Digital receiver 25 24 1 600
DVD Player 60 3 1 180
Game Console 180 3 1 540
Mobile phone charger 6 3,25 4 78
Tablet Computer 10 5,25 1 52,5
American-style Fridge Freezer 180 24 1 4320
Air extractor (bell) 500 5,5 1 2750
Blender 450 0,75 1 337,5
Bread toaster 900 0,5 1 450
Coffee Machine 1000 0,25 1 250
Electric stove / Cooktop (Medium) 1500 2,5 1 3750
Microwave 1200 0,5 1 600
Microwave oven 2000 0,5 1 1000
Kettle - Electric 1200 0,5 1 600
14-15" Laptop Computer 70 5 1 350
Desktop Computer (Standard) 200 3 1 600
Inkjet Printer 30 0,25 1 7,5
Projector 270 1 1 270
Scanner 18 0,25 1 4,5
Curling Iron 35 0,25 1 8,75
Electric iron 1100 0,5 1 550
Electric Shaver 20 0,25 1 5
Hair Dryer 1500 0,25 1 375
Drill - 1/2" 750 0,25 1 187,5
Hedge Trimmer 450 0,25 1 112,5
Strimmer 500 0,5 1 250
Vacuum cleaner 1400 0,5 1 700
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Clothes Washing machine 800
Water Pump 746
ADSL / Wifi router 10

1200

1000

(o]
o
o

Consumption
in KW/h
[e2}
o
o

400

200

Standard Appliances
High Load Profile

|
4

0,5 1 400

0,5 1 373

9 1 90
29242,5
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Day Time in 15 min Intervals

Figure 48 Standard Appliances

139



High Load Restrictive with Gas for Heatin

Frontyard Lighting 23 4,5 1 103,5
Backyard Lighting 23 4,5 1 103,5
Kitchen Lighting 13 3 1 39
LivingRoom Lighting 13 3 3 117
DinningRoom Lighting 13 2,75 1 35,75
BathRoom Lighting 13 1,5 1 19,5
Window Air Conditioner 12,000 1200 6,75 1 8100
BTU NA
Fan (Ceiling) 75 3,5 2 525
Fan (Portable) 50 9,5 1 475
Radio 40 2 1 80
50" LED TV 100 9,5 1 950
DVB Digital receiver 25 24 1 600
Reader-CD / DVD Player 30 3 1 90
DVD Player 60 3 1 180
Game Console 180 3 1 540
Mobile phone charger 6 3,25 4 78
Tablet Computer 10 5,25 1 52,5
American-style Fridge Freezer 180 24 1 4320
Air extractor (bell) 500 0,75 1 375
Blender 450 0,75 1 337,5
Bottle warmers 330 0,25 1 82,5
Bread toaster 900 0,25 1 225
Coffee Machine 1000 0,5 1 500
Dishwasher 1800 1 1 1800
Electric can opener 60 0,5 1 30
Electric Stove (Small) 1000 3 1 3000
Electric stove / Cooktop 1500 3 1 4500

(Medium)

Microwave 1200 0,5 1 600
Microwave oven 2000 0,75 1 1500
Pressure Cooker 700 0,5 1 350

Rice Cooker 500 0,5 1 250

Kettle - Electric 1200 0,5 1 600
14-15" Laptop Computer 70 5 1 350
Desktop Computer (Standard) 200 3 1 600
Inkjet Printer 30 0,25 1 7,5
Projector 270 1 1 270
Scanner 18 0,25 1 4,5
Clothes Dryer - Electric 3000 3 1 9000
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Curling Iron
Electric iron
Electric Shaver
Hair Dryer
9" disc sander
Chain Saw - 12"
Drill - 1/2"
Hedge Trimmer
Lawnmower
Strimmer
Weed Eater
Electric blanket
Humidifier
Sewing machine
Vacuum cleaner
Clothes Washing machine
Water Pump
ADSL / Wifi router

High Load Restrictive with Gas for Heating

2000
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1400
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0,5
0,5
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5
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112,5
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400
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Figure 49 High Load Restrictive with Gas for Heating
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Frontyard Lighting
Backyard Lighting
Kitchen Lighting
LivingRoom Lighting
DinningRoom Lighting
BathRoom Lighting
Window Air Conditioner 12,000
BTU NA
Fan (Ceiling)

Fan (Portable)
Heater (resistors)
Radio
50" LED TV
DVB Digital receiver
Reader-CD / DVD Player
DVD Player
Game Console
Mobile phone charger
Tablet Computer
American-style Fridge Freezer
Air extractor (bell)
Blender
Bottle warmers
Bread toaster
Coffee Machine
Dishwasher
Electric can opener
Kettle - Electric
14-15" Laptop Computer
Desktop Computer (Standard)
Inkjet Printer
Projector
Scanner
Clothes Dryer - Electric
Curling Iron
Electric iron
Electric Shaver
Hair Dryer
9" disc sander
Chain Saw - 12"

HLP Using Gas for cookin

23
23
13
13
13
13
1200

75
50
1500
40
100
25
30
60
180
6
10
180
500
450
330
900
1000
1800
60
1200
70
200
30
270
18
3000
35
1100
20
1500
1200
1100
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3
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0,5
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0,25
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35,75
19,5
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950
600
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7,5
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375
300
275



Drill - 1/2" 750 0,25 1 187,5

Hedge Trimmer 450 0,25 1 112,5
Lawnmower 1400 0,25 1 350
Strimmer 500 0,5 1 250
Weed Eater 500 0,5 1 250
Electric blanket 180 1 1 180
Humidifier 26 0,5 1 13

Sewing machine 125 0,25 1 31,25
Vacuum cleaner 1400 0,5 1 700
Clothes Washing machine 800 0,5 1 400
Water Pump 746 0,5 1 373
ADSL / Wifi router 10 9 1 90

25141,75

High Load Using Gas for cooking

1200
1000

800
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in KW/h
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Day Time in 15 min Intervals

Figure 50 High Load Using Gas for Cooking
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HLP Restrictive (Mexican Mean

Frontyard Lighting 23 4,5 1 103,5
Backyard Lighting 23 4,5 1 103,5
Kitchen Lighting 13 3 1 39
LivingRoom Lighting 13 3 3 117
DinningRoom Lighting 13 2,75 1 35,75
BathRoom Lighting 13 1,5 1 19,5
Window Air Conditioner 12,000 1200 6,75 1 8100
BTU NA
Fan (Ceiling) 75 3,5 2 525
Fan (Portable) 50 9,5 1 475
Radio 40 2 1 80
50" LED TV 100 9,5 1 950
DVB Digital receiver 25 24 1 600
Reader-CD / DVD Player 30 3 1 90
DVD Player 60 3 1 180
Game Console 180 3 1 540
Mobile phone charger 6 3,25 4 78
Tablet Computer 10 5,25 1 52,5
American-style Fridge Freezer 180 24 1 4320
Air extractor (bell) 500 0,75 1 375
Blender 450 0,75 1 337,5
Bottle warmers 330 0,25 1 82,5
Bread toaster 900 0,25 1 225
Coffee Machine 1000 0,5 1 500
Electric can opener 60 0,5 1 30
Electric stove / Cooktop 1500 3 1 4500

(Medium)

Microwave 1200 0,5 1 600
Microwave oven 2000 0,75 1 1500
Pressure Cooker 700 0,5 1 350

Rice Cooker 500 0,5 1 250

Kettle - Electric 1200 0,5 1 600
14-15" Laptop Computer 70 5 1 350
Desktop Computer (Standard) 200 3 1 600
Inkjet Printer 30 0,25 1 7,5
Projector 270 1 1 270
Scanner 18 0,25 1 4,5
Curling Iron 35 0,25 1 8,75
Electric iron 1100 0,5 1 550

Electric Shaver 20 0,25 1 5
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Hair Dryer 1500 0,25 1 375
9" disc sander 1200 0,25 1 300
Chain Saw - 12" 1100 0,25 1 275
Drill - 1/2" 750 0,25 1 187,5
Hedge Trimmer 450 0,25 1 112,5
Lawnmower 1400 0,25 1 350
Strimmer 500 0,5 1 250
Weed Eater 500 0,5 1 250
Electric blanket 180 1 1 180
Humidifier 26 0,5 1 13
Sewing machine 125 0,25 1 31,25
Vacuum cleaner 1400 0,5 1 700
Clothes Washing machine 800 0,5 1 400
Water Pump 746 0,5 1 373
ADSL / Wifi router 10 9 1 90
31441,75

High Load Restrictive Mexican Mean
1600
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1200
1000
800
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Day Time in 15 min Intervals

Figure 51High Load Restrictive Mexican Mean
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HLP Using Gas For Cooking and Heating Restrictive

Frontyard Lighting 23 4,5 1 103,5
Backyard Lighting 23 4,5 1 103,5
Kitchen Lighting 13 3 1 39
LivingRoom Lighting 13 3 3 117
DinningRoom Lighting 13 2,75 1 35,75
BathRoom Lighting 13 1,5 1 19,5
Window Air Conditioner 12,000 1200 6,75 1 8100
BTU NA
Fan (Ceiling) 75 3,5 2 525
Fan (Portable) 50 9,5 1 475
Radio 40 2 1 80
50" LED TV 100 9,5 1 950
DVB Digital receiver 25 24 1 600
Reader-CD / DVD Player 30 3 1 90
DVD Player 60 3 1 180
Game Console 180 3 1 540
Mobile phone charger 6 3,25 4 78
Tablet Computer 10 5,25 1 52,5
American-style Fridge Freezer 180 24 1 4320
Air extractor (bell) 500 0,75 1 375
Blender 450 0,75 1 337,5
Bottle warmers 330 0,25 1 82,5
Bread toaster 900 0,25 1 225
Coffee Machine 1000 0,5 1 500
Dishwasher 1800 1 1 1800
Electric can opener 60 0,5 1 30
Kettle - Electric 1200 0,5 1 600
14-15" Laptop Computer 70 5 1 350
Desktop Computer (Standard) 200 3 1 600
Inkjet Printer 30 0,25 1 7,5
Projector 270 1 1 270
Scanner 18 0,25 1 4,5
Clothes Dryer - Electric 3000 3 1 9000
Curling Iron 35 0,25 1 8,75
Electric iron 1100 0,5 1 550
Electric Shaver 20 0,25 1 5
Hair Dryer 1500 0,25 1 375
9" disc sander 1200 0,25 1 300
Chain Saw - 12" 1100 0,25 1 275
Drill - 1/2" 750 0,25 1 187,5
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Hedge Trimmer
Lawnmower
Strimmer
Weed Eater
Electric blanket
Humidifier
Sewing machine
Vacuum cleaner
Clothes Washing machine
Water Pump
ADSL / Wifi router

450
1400
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180
26
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1400
800
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10
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[ll.  Appendix Il Irradiation values per day

In this appendix it is possible to find the generateorological data perceived in

the region and one representative day of each nadritte year. All the information was

generated by using the PvSyst generation tool iie&79).

PVSYST VB.81 13/06/19 Page 1/1

Hourly meteorological data

Meteo data : San pedro de honor;NREL NSRDB Typ. Met. Year PSMv3_1998 to
2016;Sintético

File San Pedro de Honor_NREL_SYN.MET of 13/06/19 12h53

Jan. | Feb. | Mar. | Apr. | May | June | July | Aug. | Sep. | Oct. | Mov. | Dec. | Year

Situation Latitude 2236°N Longitude -10517°W
Time defined as Legal Time Time zone UT-7 Altitude 932 m
Source file characteristics Synthetic Data generation
Monthly Meteo Values Source San Pedro de Honor_NREL_TMY SIT — NREL NSRDB Typ. N

Hor. global 142.1( 160.2 | 209.7 | 225.4| 234.7 | 174.5| 178.0 | 174.3 | 144.0| 162.4| 150.3 | 135.9 [2091.5| kWh/m2.nj|
Hor. diffuse 39.6( 341 | 48.1| 55.3| 62.9| 70.9| B874| 76.3| 76.9| 52.3| 32.3| 31.6| 667.7|kWwh/mz.n
Extraterrestrial 221.9| 232.6 | 294.4| 314.9| 340.6 | 333.3| 341.9 | 330.3| 296.2 | 269.9 | 223.9| 210.7 |3411.0 kWh/m2.n
Clearness Index | 0.640| 0.689 | 0.712 | 0.716 | 0.689 | 0.524| 0.521 | 0.527 | 0.486 | 0.602 | 0.671 | 0.645 | 0.613
Amb. temper. 19.6| 21.1| 21.9| 23.0| 251 253| 249 243| 23.7| 23.2| 21.7| 204 22.8|°C

===

Wind velocity 4.2 4.1 4.8 7.1 5.7 6.7 6.5 5.7 5.7 5.4 6.1 4.2 5.5 |m/s

Figure 52 Hourly Meteorological Data in San Pedm donor

flet.

1000 (H— r T r r T r r
| = Irradiacion global horizontal, Sum =4.1 [KWh/m?]
Irradiacion difusa herizontal, Sum=1.7 [KWhim?]
Irradiacion global horizontal Clear Sky, Sum =5.5 [KWhim?]
oo Irradiacion difusa horizontal Clear Sky, Sum =0.8 [KWh/m?]

200

0 3 i1 8 12 15 18 21
15/01/90

Figure 53 Representative Irradiation values in tbeality (January)
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1200

|

T T T T T
“—— Irradiacion global horizontal, Sum =6.8 [KAh/?]

Irradiacion difusa horizontal, Sum =0.9 [KAh/m?]

Irradiacion global horizontal Clear Sky, Sum =6.5 [Khim]

rrrrr Iradiacion difusa horizontal Clear Sky, Sum =0.9 [KiVhin?]
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15/02/30
Figure 54Representative Irradiation values in thedlity (February)
0|
1200007 T T T T T T T
— lIrradiacion global horizontal, Sum =7 2 [kWh/m?]
Irradiacion difusa horizental, Sum =1 [KWhinF]
Irradiacion global horizontal Clear Sky, Sum =7.5 [KWh/m?]
----- Irradiacion difusa horizontal Clear Sky, Sum =1 [kKiWhim®]
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Figure 55Representative Irradiation values in tbhedlity (March)
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<]
1200 = T T T T
'——— Irradiacion global horizontal, Sum =7.7 [KWh/m?)
Irradiacion difusa horizontal, Sum KWhi/mr)
Irradiacion global horizontal Clear Sky, Sum =83 [KWh/m]
- Irradiacion difusa horizontal Clear Sky, Sum =1.3 [KWh/m®]
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Figure 5634Representative Irradiation values in kbeality (April)
1200 J T T T
— lIrradiacion global horizontal, Sum =71 [KWh/m®]
—— lIrradiacion difusa horizontal, Sum =28 [KWh/m?
Irradiacién global horizental Clear Sky, Sum =8.6 [KWh/m?]
————— Irradiacion difusa herizontal Clear Sky, Sum =1.7 [KWh/n]
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Figure 5734Representative Irradiation values in libeality (May)
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1200

T T T T T
— lIrradiacion global horizontal, Sum =4 2 [KWhim®]
Irradiacion difusa horizontal, Sum =3.5 [KWhim?]
Irradiacion global horizontal Clear Sky, Sum =8.7 [KWhin?]
'''' Irradiacion difusa horizontal Clear Sky, Sum=1.7 [KWhim?]
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Figure 5834Representative Irradiation values in libeality (June)
4|
1200 -1 T T T T
~—— Irradiacion global herizontal, Sum =5.8 [KWh/mf]
—— lrradiacion difusa horizontal, Sum =3.3 [KWh/m?]
Irradiacién global horizontal Clear Sky, Sum =8.7 [KWh/m#]
----- Irradiacion difusa horizontal Clear Sky, Sum =1.4 [KWh/m?]
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Figure 5934Representative Irradiation values in kbeality (July)
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1200 = T T T T
— Irradiacion global herizontal, Sum =5.1 [KWhinv]
Irradiacion difusa horizontal, Sum =31 [kWhim?]
Irradiacion global horizontal Clear Sky, Sum =8 4 [kKWhim?]
----- Irradiacion difusa horizontal Clear Sky, Sum =1 4 [KWhim®]
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Figure 6034Representative Irradiation values in kbeality (August)
1200 J T T T
— lIrradiacion global horizontal, Sum =4 .4 [KWh/m®]
—— lIrradiacion difusa horizontal, Sum =3.5 [KWh/m?]
Irradiacién global herizontal Clear Sky, Sum =7.7 [KWh/m?]
———— Irradiacion difusa herizontal Clear Sky, Sum =1.3 [KWh/n]
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Figure 6134Representative Irradiation values in kbeality (September)
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1200 :JI T T T
— Irradiacién global horizontal, Sum =6.8 [kKWhim™]
—— lrradiacion difusa horizontal, Sum =08 [kKiWhim?]
Irradiacién global horizontal Clear Sky, Sum =6.8 [KWhimd]
----- Irradiacion difusa horizontal Clear Sky, Sum=1.1 [kWh/m?]
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Figure 6234Representative Irradiation values in liheality (October)
0|
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— rradiacion global horizontal, Sum =59 [kKiWhim?]
Irradiacion difusa horizontal, Sum =1.1 [KWhinr]
—— Irradiacion global horizontal Clear Sky, Sum =5 8 [KWhim?]
----- Irradiacion difusa horizontal Clear Sky, Sum =0.9 [kWhim?]
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Figure 6334Representative Irradiation values in lieality (November)
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1200

|1/}

T T T T T
—— Irradiacion global horizontal, Sum=4.1 [MAhim]

—— Iradiacién difusa horizontal, Sum=1.2 [KAh/mT]

—— Iradiacién global horizontal Clear Sky, Sum =5.2 [KAh/m]

————— Iradiacion difusa horizontal Clear Sky, Sum =0.8 [KWh/m]
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15112/30

Figure 6434Representative Irradiation values in libeality (December)

154



V. Appendix IV: Main grid distribution network in Mexi co and it
cost tariff by Region

In this section the most relevant information relyag the Mexican electric Cost

tariff is displayed:

Baja California i
Moroeste [l
Norta [
Golfo Norto
Golfo Certro [
. Bajio I
Jaliseo I
Valle de México (centro, norte y sur) Il
Contro Oriente 18
Orignte
Cantro Sur [
Surosto [l
Peninsular 18

Type of Electric Tarif by Region
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Figure 65 Main grid distribution network in Mexicaa it cost tariff by Region
(Source: ABM, 2017)
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Type of Cost Tariff 1 1 | 1B | 1c | 1D | 1E 1F
Minimum temperature during summer | Rest of the lacalitias 25°C | 28°C  30°C | 31°C | 32°C | 33°C

Table 21 Structure of electricity rates in the desitial sector
(Source: ABM, 2017)

Type of Tariff

High consumption limit (kW h) 250 300 400 850 1,000 2,000 2,500

Table 22 Limits of high monthly consumption by telety rates, 2016
(Source: ABM, 2017)
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