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Abstract: This research presents the optimal
design of an isolated hybrid renewable ener-
gy system applied to a rural community in the
state of Oaxaca, Mexico. The study includes
an analysis of the climatic conditions and con-
sumption profile of the selected community,
which allows the architecture of the hybrid
system to be defined.

This study models a hybrid wind-solar system
isolated from the electrical grid to meet the
electricity needs of a rural community, pro-
moting the use of renewable energy as a cle-
an source in accordance with environmental
preservation.

Through optimization with HOMER Pro
software, a design is obtained that balances
energy generation, economic efficiency, and
long-term technical viability. The results de-
monstrate that the hybrid system is a viable
alternative for improving the quality of life of
the inhabitants, reducing costs, and minimi-
zing environmental impact.

Thanks to this type of study, possibilities
are being explored for supplying energy to
communities that are difficult to access, there-
by improving the quality of life and educatio-
nal level of their inhabitants, providing ener-
gy security through systems such as the one
proposed, guaranteeing universal access to
affordable, reliable, and modern energy ser-
vices, and facilitating access to research and
non-polluting energy technologies.

INTRODUCTION

Over the years, energy demand has grown,
but the amount of energy produced to meet
this basic need has not increased. This is due
to various causes, such as the high dispersion
of the population due to the large distances
between communities, the lack of infrastruc-
ture due to difficult access to land, and the
rising costs of this infrastructure. Forbes ma-
gazine stated that, according to official data,
electricity consumption in Mexico reached re-

cord levels this year, sometimes exceeding the
generation and transmission capacity of its
public service infrastructure (Reuters, 2024).
In addition to this, the country has also paid
the price for outdated and inadequate infras-
tructure. (Nava, 2021) More than 1 million
people in Mexico, a country rich in resources
but lacking in energy, live without electrici-
ty and without large-scale initiatives to solve
this problem. Addressing this issue in figures
becomes controversial, as to date there are no
precise numbers on how many communities
are without electricity, since only 1% of hou-
seholds in the country face this problem, ac-
cording to the 2020 sociodemographic profile
carried out by the National Institute of Statis-
tics and Geography (INEGI, 2020). In figu-
res, this represents a challenge of more than
352,000 households, or almost 1.2 million
people, considering that, according to INEGI,
an average of 3.6 people live in a household
without electricity. Meanwhile, the Ministry
of Energy (SENER), in its Sectoral Program
(SENER, New National Electricity System
Scheme, 2022), indicates a higher figure, with
at least 2 million Mexicans without access to
electricity in 2018. These figures are at odds
with the Federal Electricity Commission, whi-
ch in its 2020 business plan (CFE, 2020) states
that 32,000 cities across the country were wa-
iting to be electrified that year.

BACKGROUND

Mexico is committed to limiting electrici-
ty generation from fossil fuels to 65%—down
from the current 80%—by 2024. Wind ener-
gy plays a fundamental role in achieving this
goal, as in most countries with similar tar-
gets, this technology has been responsible for
around two-thirds of the total target (Mexican
Wind Energy Association). Oaxaca is a region
with high renewable energy potential, mainly
wind, according to the Wind Resource Atlas,
which estimates that the state has good to ex-
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cellent wind resources in approximately 6,600
km2 of land, with wind power classes ran-
ging from 4 to 7, where 7 is the highest value.
Windy terrain accounts for just over 7% of
the state’s total area. For this reason, this stu-
dy focuses on some rural communities in the
state of Oaxaca that face the main electrical
infrastructure challenges mentioned above,
coupled with the long distances between them
and their difficult access.

RESEARCH QUESTION

Will the design of a hybrid wind-photovol-
taic system, isolated from the electrical grid,
be an optimal solution to meet the electrical
energy needs of the municipal agency of San
Francisco del Mar Pueblo Viejo, Oaxaca?

HYPOTHESIS

The implementation of a wind-photovol-
taic system isolated from the electricity grid
will provide a sustainable, cost-effective, and
efficient energy solution to meet the commu-
nity’s electricity needs, while reducing de-
pendence on fossil fuel sources and having
a direct impact on the quality of life of the
inhabitants, facilitating access to basic servi-
ces such as drainage, improving health and
education, and even stimulating the economic
development of the locality.

RESEARCH OBIJECTIVES

GENERAL OBJECTIVE

To design a hybrid wind-photovoltaic sys-
tem, isolated from the electricity grid, to meet
the electricity needs of the municipal agency of
San Francisco del Mar Pueblo Viejo, Oaxaca.

SPECIFIC OBJECTIVES

o Compile the renewable resource and
demand profile of the community un-
der study.

« Propose the architecture of a renewable
hybrid system that meets the commu-
nity’s electricity needs.

« Optimize the renewable hybrid system
using specialized Homer Pro software.

JUSTIFICATION AND SCOPE OF
THE RESEARCH

Oaxaca stands out for its remarkable poten-
tial for renewable energy generation, mainly
wind power. It is important to note that this
technology has a low impact on land use, as
the base of a 1 MW wind turbine requires only
8 x 8 square meters of space, allowing agricul-
tural activities to be carried out in the sur-
rounding areas without major complications.
A wind turbine of this capacity can generate
enough electricity to meet the energy needs
of approximately 850 households with cha-
racteristics similar to those in the country. In
addition, modern wind turbines have the ad-
vantage of a modular design, which facilitates
quick and efficient installation. For example,
building a 100 MW power plant can take less
than a year, a key benefit for economies that
need to increase their energy capacity quickly.

Mexico also has exceptional solar radia-
tion conditions, positioning solar energy as
the best alternative even for the most isolated
communities. It is worth noting that 85% of
the national territory is suitable for photovol-
taic projects, making Mexico a strong can-
didate for seventh place worldwide in solar
energy generation. In this context, hybrid sys-
tems are emerging as an effective and accessi-
ble solution, reducing fossil fuel consumption
in traditional generation systems while incre-
asing sustainable access to electricity in rural
and remote communities.

The hybrid off-grid system will be imple-
mented in San Francisco del Mar Pueblo Vie-
jo, also known simply as San Francisco Viejo,
a town in the state of Oaxaca, located on the
Isthmus of Tehuantepec and in the municipa-
lity of San Francisco del Mar, as can be seen in
Figure 1.
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Figure 1. Relief map of San Francisco Viejo,
Oaxaca (taken from Google Maps, 2023).

San Francisco del Mar Pueblo Viejo is loca-
ted at an altitude of 32 meters above sea level,
on the Barra de San Francisco, which divides
the Laguna Inferior and the

Mar Muerto del Golfo de Tehuantepec,
and in particular on the banks of the estuary
known as Laguna El Carrizal (see Figure 2).

Figure 2. Land map of San Francisco Viejo,
Oaxaca (taken from Google Maps, 2023).

Table 1, according to the results of the 2020
Population and Housing Census conducted
by the National Institute of Statistics and Ge-
ography, shows that San Francisco del Mar
Pueblo Viejo has a population of 931 inhabi-
tants, of which 489 are men and 442 are wo-
men, with a total of 268 inhabited dwellings,
of which only 28.36% have electricity.

Analysis of results

The analysis of results focused on the
community of San Francisco del Mar Pueblo
Viejo, Oaxaca, an area without access to the
national electricity grid. Data on wind and so-
lar resources were collected, as well as estima-

ted energy consumption for a typical dwelling.

HOMER Pro software was used to deter-
mine the optimal combination of compo-
nents, considering installation, operation, and
maintenance costs. The best configuration
was found to include:

« A photovoltaic system consisting of se-

ven solar panels.

e A mini vertical axis wind turbine.

« Two deep-cycle batteries.

« A Sofar Solar inverter.

With this configuration, annual produc-
tion of 7,240 kWh per dwelling was achieved,
with an autonomy of 16.8 hours and an esti-
mated monthly cost of $371.03 per household.
These results demonstrate that the hybrid sys-
tem is both technically and economically via-
ble, providing a sustainable solution for the
community.

COMPILATION OF RENEWABLE
RESOURCE AND DEMAND PROFILE
OF THE COMMUNITY STUDIED

o Selecting the rural community

The Universal Electricity Service Fund
(FSUE) is a program administered by the Mi-
nistry of Energy (SENER). The objective of the
FSUE is to finance the electrification of rural
communities and marginalized urban areas.
Thanks to data obtained from SENER, seve-
ral communities were identified with a com-
mon characteristic: they do not have access to
electricity. Table 2 shows the municipalities
selected for study, as well as the percentage of
homes without electricity in each one.

The community selected was San Francisco
del Mar Pueblo Viejo, due to the easy access to
information available, as it has official social
media accounts through which communica-
tion was established to find out the current si-
tuation of the population with regard to access
to electricity and the energy demand required
by its inhabitants. Thanks to the research car-
ried out, it was revealed that the population
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TOTALDE | VIVIENDAS |VIVIENDAS CON | VIVIENDAS SIN
POBTOTAL| POBFEM | POB MAS
VIVIENDAS | HABITADAS | ELECTRICIDAD | ELECTRICIDAD
931 442 489 347 268 76 192

Table 1. Population data for San Francisco del Mar Pueblo Viejo. (Data taken from (INEGI, 2020))

Relacién de Localidades del Componente de Instalacién de Sistemas
Aislados de Electrificacion 2022
VIVIENDAS CON

NO. MUNICIPIO LOCALIDAD ELECTRICIDAD

1 Putla Villa de Guerrero Tierra Colorada 86.44%

2 San Carlos Yautepec San Miguel Chongos 85.71%

: San Francisco dal Mar

3 San Francisco del Mar Pueblo Viejo 28.36%

4 San Francisco del Mar Puerto Esfero 75.00%

5 San Mateo Rio Hondo La Concepcidn 70%

6 Villa Sola de Vega Guillaya (Arroyo de Guillaya) 0%

T San Sebastign Rio Hondo | Rio Molino 14%

& Sanfa Marla Chimalapa Canaéan 4. 70%

Table 2. Localities included in the isolated electrification system installation component

had been cut off from the electricity supply,
leaving them without an essential service, due
to political problems. Several years after this
event, a private company took on the task of
restoring electricity to the area, limiting itself
to reconnecting the power, but not restoring
and expanding the service, achieving 50% co-
verage of the population, which leaves half of
the community—approximately 135 homes—
still without access to electricity, maintaining
significant inequality in the supply of this ba-
sic resource.

CHARACTERIZE WIND SPEED IN
THE COMMUNITY TO CALCULATE
ITS WIND POTENTIAL

To determine the wind resource in the area
under study, a 10-year analysis (2014 to 2023)
of hourly wind speeds was carried out using
NASA’s Data Access Viewer program, which
provides wind gusts at a height of 10 meters
24 hours a day. With this information - 8,760
data points - the average monthly wind speed

of the community studied was estimated, and
then the calculation was made at a height of
12 meters, since the proposed wind turbines
are installed at that height. For this purpose,
the formula in equation 1 was used:

In(z)

Vreal =Vref [~ =]

In(zo)

©)

Where Vref is the reference speed taken di-
rectly from the information provided by Data
Access Viewer, which is the 8,760 historical
wind speed data points collected over 10 ye-
ars, 24 hours a day; z is the height at which the
wind turbine will be installed, i.e., 12 meters;
zo is a roughness index for which we will take
a value of 1 meter, and zref is the reference
height provided directly by the program, whi-
ch in this case is 10 meters. By calculating the
average speed at a height of 12 meters, the data
can be better processed, as shown in Table 3.

T ——— -



Velocidad promedio
(m/s)
Enero 6.17
Febrero 6.14
Marzo 6.13
Abril 6.13
Mayo 6.10
Junio 6.09
Julio 6.10
Agosto 6.09
Septiembre 6.09
Octubre 6.11
Noviembre 6.14
Diciembre 6.13

Table 3. Average monthly wind speeds. Own
work

Once the data from the community’s 10-
year history had been collected and sorted,
and thanks to technological tools such as Ex-
cel, the annual speeds shown in illustration 24
were calculated, giving us an overview of the
wind resource present in the study area, as can
be seen in figure 3.
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Figure 3. Average annual wind speed in the
community. Own work

The processing and understanding of this
data allowed us to select the appropriate turbi-
ne according to the technical data sheet provi-
ded by the manufacturer, such as the start-up
speed and the nominal speed at which the wind
turbine(s) to be installed will operate optimally
according to the wind speeds in the commu-
nities and meet the proposed energy demand.

Characterize solar radiation in the commu-
nity to obtain its solar potential To calculate
the energy produced by a solar cell plant or
model its evolution over time, it is necessary
to obtain information on the radiation inci-
dent on the generator plane. If you want to
predict the energy that a system will produce
in the future, the problem is to estimate the
radiation it will receive based on the available
information about the behavior of radiation at
the site (Nandwani, 2005).

Solar radiation data and the clarity index
were obtained through NASAs Data Access
Viewer program, which allowed for a com-
parison of a 10-year history—2014 to 2023—
where an average solar radiation of 4.60 kW/h/
m?2 and a clarity index of 0.48 were obtained.

Figure 25 shows the monthly average solar
resource over 10 years.
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Figure 4. Average annual solar resource.
Own work

Thanks to the solar radiation data for the
area and the clarity index, among other fac-
tors, it is possible to design the ideal photovol-
taic installation.

o Calculate the energy demand of the

population.

To determine energy demand, it is neces-
sary to understand the difference between the
installed power in a home, which is the ma-
ximum electrical energy capacity that can be
used by the devices and equipment connected
to that home (Iberdrola Group, 2024), and the
load profile or energy demand that characteri-
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zes power consumption over a period of time.
This period can be daily, weekly, monthly, or
annual depending on the objective of the stu-
dy (Aravena, 2019).

Due to the conditions of the community
and its population figures without access to
energy, a model home with the basic com-
ponents of a rural community was taken as a
sample. Table 4 shows the equipment and to-
tal installed power (W).

ELECTRODOMESTICOS |POTENCIA (W) m‘;;boi m:;m?m
FOCOS 15 4 60
VENTILADOR 70 1 70
REFRIGERADOR 200 1 200
RADIO 15 1 15
CARGADOR DE TELEFONO 5 1 5
TOTAL 350

Table 4. Installed power in a model home.
Own work

As can be seen, the installed power does
not vary during the day—unless more
appliances or equipment are installed—which
is what differentiates it from the load profile,
since the latter is based on the usage habits of
each appliance in the home and therefore cor-
responds to the energy demand. To calculate
this load profile, an estimate was made of how
many hours per day the different appliances
are used in the home. As can be seen in Figure
6, the graph is not constant, as energy demand
varies over the course of 24 hours.

Demanda energética diaria (W/h)

Potencia (W)

1234567 89101112131415161718192021222324

Horas del dia

Figure 5. Load profile. Own work

RENEWABLE HYBRID SYSTEM
ARCHITECTURE

o Characterize the possible combinations
of the isolated wind-photovoltaic system
using the selected software.

A. System components. To meet the elec-
tricity demand, different existing technologies
are available, as can be seen in Figure 27.

This project considered the following com-
ponents in the system: a photovoltaic array to
harness solar radiation; a wind turbine to har-
ness wind; and a lead-acid battery bank, which
will come into action when there is intermit-
tency in renewable resources. It is important
to note that the hybrid system will provide di-
rect current from the batteries, which is why
an inverter must be integrated into the system
(direct current to alternating current), as most
household appliances need to be powered by
alternating current.

SCHEMATIC

Imil’-mcl:lil: Load ﬂnc WTV 400
A
233 EWnd
4% KW peak
|
SUrRC 52 5P
]

Figure 6 Electrical diagram of the isolated
hybrid system.

» Photovoltaic system. The photovoltaic
panel selected for this case was the M390-A1F
model from MITREX, which is a monocrys-
talline solar cell with a maximum nominal
power of 390 W and an efficiency of 19.2%,
which is considered high. The price of this pa-
nel is $2,433.00 MX and its lifespan is the lon-
gest of all the components, with an estimated
25 years and an operating and maintenance
cost of $121.65 MX per year.
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» Wind turbine. The wind turbine cho-
sen was a low-speed, 5-blade, vertical axis
turbine from Mars Rock. Its power curve is
shown in Figure 8.

e ]

Figure 7. Power curve of the selected turbine
https://www.researchgate.net/Curva-de-

potencia-do-aerogerador-Fonte-Software-
Homer-Energy-Pro_fig3_343062196

Based on the power curve, it is possible to
determine how much power the turbine will
develop at certain speeds. For this model,
the start-up speed is 1.5 m/s and its nominal
speed is 12 m/s, generating 400 W and withs-
tanding speeds of up to 45 m/s. It should be
noted that this wind turbine provides alterna-
ting current; however, in order for the energy
generated to be stored in a h, it must be con-
nected to an AC-DC converter, which is res-
ponsible for transmitting it directly to the bat-
teries. This model is priced at $2,310.69 MX
and has an annual operating and maintenance
cost of $464.50 MX with a lifespan of 20 years.

>  Batteries. The selected energy stora-
ge system is battery-based, as it is easy to size
and more accessible during purchase. The bat-
teries selected were Rolls 6 CS 25P deep cy-
cle batteries with a lifespan of five years and a
price of $9,071.35 MX, making them the most
expensive component of the system. It should
be noted that they do not require any financial
investment for operation and maintenance.
Figure 9 shows the life cycle versus depth of
discharge.

CYCLES

TR PO B0 TN bR B0 P BN SN D 1N W
DEFTH OF DISCHARGE

Figure 8. Life cycle vs. depth of discharge

Source: https://www.rollsbattery.com/
battery/6-cs-25p/?pdf=7923

B. Optimization. Once the renewable re-
source data, load profile, and selected com-
ponents have been entered, HOMER Pro will
evaluate all the corresponding combinations
to decide which system is technically and eco-
nomically optimal. It should be noted that the
estimate was made per dwelling, so the results
of the simulation were individual and will
have to be scaled up for the total number of
dwellings in the community.

A sensitivity analysis was also performed
for 20 and 25 years of project life to discover
its effect on system optimization, mainly on
the levelized cost of energy, annual operating
cost, capital cost, and operating and mainte-
nance cost. See Table 5.

T:::::ﬂi::::a LCOE Costo ?E Cosn.: de Costo P:‘::te
(afios) (5/kWh) operacién capital 0&M Neto (NPC)

20 5$4.84 $3,787.87 52,520.78 5$508.22 $84,425.71

25 $4.84 $4,064.55 52,520.78 S508.22 $98,656.00

As can be seen, the costs do not vary sig-
nificantly. however, it is necessary to consider
that the lifespan of the components is more
suited to a 20-year period, since the only
component with a lifespan of approximately
25 years is the photovoltaic system. Therefore,
it would be unfavorable to replace the wind
turbine with a lifespan of 20 years for the re-
maining 5 years of the solar panels.
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Componente Capital ($) | Remplazo ($) | O&M ($) Total {$)
Panel FV M390-A1F |  $3,322 %0 $2,454.30 $5,413.57
Turbina eje vertical | 52,527.89 50 $7,510 $10,038.18

c:';:';m:;r $2,756.19 $2,036.34 %0 $4,792.53
Baterfas ;::e“e 6CS| 41985072 $44,336 $0.00 $64,186.93
Sistema $28,457 $46,372.55 $9,964.59 $84,431.21

Table 6. Configuration costs Own work

Thanks to the optimization carried out by
HOMER Pro, 61.6 hours of autonomy and an
annual production of 1,890 kWh per dwelling
were achieved. These are extremely important
factors, considering that access to the commu-
nity is very restricted, so that the intermitten-
cy of renewable resources will not affect the
community thanks to the hours of autonomy
that the system can cover.

OPTIMIZATION OF THE
RENEWABLE HYBRID SYSTEM

 Determining the optimal system for the
community

HOMER Pro evaluated all the correspon-
ding combinations to decide which system
is technically and economically optimal. It
should be noted that the estimate was made in
a model home, so the results of the simulation
were individual and will have to be scaled up
for the total number of homes in the commu-
nity.

The results for the San Francisco del Mar
Pueblo Viejo community are shown in Table
7, which analyzes capital, replacement, ope-
rating, and maintenance costs and total cost
over a 20-year lifetime.

Componente Capital ($) | Remplazo ($) | O&M ($) Total ($)
Panel FV M390-A1F $3,322 S0 $2,454.30 $5,413.57
Turbina eje vertical 52,527.89 50 57,510 $10,038.18

c:;:::m::r $2,756.19 $2,036.34 50 $4,792.53
Bete e :;:E"E 65| s1985072 $44,336 $0.00 $64,186.93
Sistema $28,457 $46,372.55 $9,964.59 $84,431.21

Table 7. Configuration costs. Own work

On the other hand, the replacement cost is
high because the batteries have a lifespan of
only 5 years and the wind turbine has a lifes-
pan of 20 years, so the storage system for the
area must be replaced because it is an isolated
configuration, a variable that also alters the
operating and maintenance costs. It should
be noted that, at first glance, the costs appear
high; however, it is important to take into ac-
count that this is a 20-year investment.

CONCLUSIONS

The study determined that the design of a
hybrid wind-solar system is a viable solution
for the electrification of rural communities in
Oaxaca. The specific objectives were achieved,
optimizing the design with HOMER Pro and
ensuring the technical and economic viability
of the system. The proposed system offers a
sustainable alternative with competitive ener-
gy costs and a significant reduction in CO2
emissions. The implementation of batteries
ensures adequate autonomy, allowing for a
constant power supply.

The study on the optimal design of an iso-
lated hybrid system for San Francisco del Mar
Pueblo Viejo, Oaxaca, shows the importance
of renewable energy in the search for effective
solutions for rural communities. This project
not only addresses the problem of limited ac-
cess to electricity in isolated regions, but also
lays the foundations for a system that can be
replicated in other communities around Me-
xico with similar characteristics.

Oaxaca, a region with high wind and so-
lar potential, is an ideal setting for implemen-
ting a renewable hybrid system. The selected
community faces challenges related to a lack of
electrical infrastructure, poor economic con-
ditions, and problems accessing the electrical
grid. In this context, the design of an isolated
wind-solar hybrid system not only guarantees
that the population’s energy demand will be
met, but also contributes significantly to a fair
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and sustainable energy transition, in line with
the sustainable development goals of the 2030
Agenda.

This research demonstrates that renewable
energy solutions can be economically compe-
titive and technically feasible, even in regions
with challenging geographical characteristics.
The simulation results indicate a competitive
levelized cost of energy compared to traditio-
nal alternatives such as diesel generators or
the restoration of the electricity grid infras-
tructure. This shows that hybrid systems are
not only sustainable but also affordable for
rural communities with limited resources. In
addition, the incorporation of batteries for
storage ensures energy autonomy, allowing
the community to have access to electricity
even in adverse weather conditions, such as
cloudy or windless days. This design offers re-
liable coverage of 100% of the estimated ener-
gy demand, which is also projected to grow
with population growth and increased use of
electrical devices in the coming years. Access
to electricity has a direct and positive impact
on the quality of life of the inhabitants of San
Francisco del Mar Pueblo Viejo. Among these
benefits are:

1. Education: Adequate lighting

2. Health: Electricity in this community
will enable the creation of a health cen-
ter.

3. Local economy: Electrification allows
for the refrigeration of products, stren-
gthening its main economic activities
such as fishing and food sales.

4. Cost reduction: It is estimated that fa-
milies will save up to 40% compared to
the costs associated with using diesel
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