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a b s t r a c t

Mexico is an oil-producing country which has both fossil and renewable resources. The Gulf of Mexico is
its primary source of conventional resources. The economic and environmental uncertainties arising
from the widespread use of hydrocarbons, oil and natural gas make it necessary to develop indigenous
renewable sources to promote the transition to a diversified energy mix, thus achieving a more sus-
tainable energy model. Solar resources are important because of the high radiation levels throughout the
country. Although use of solar power is conditioned by the climatic and meteorological characteristics of
the area, it is likely to be applied in both electrical and thermal systems.

The coastal region of the Gulf of Mexico is characterized by a warm, humid climate and rugged terrain,
with elevations over 1000 m. These conditions mean that in the central and southern areas, solar ra-
diation is mainly diffuse. However, studies indicate that in spring and summer global irradiation can
reach 4 kWh/m2 day in the central and southern regions, and ascend to 6.7 kWh/m2 day in the north-
west. These levels are suitable for the development of solar photovoltaic energy and low temperature
thermal installations, since the degree of cloud cover in these zones complicates the use of Concentrated
Solar Power technology.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Solar energy, and more specifically Concentrated Solar Power
(CSP), is considered as one of the most promising options for future
energy development, as its reduced cost and relatively low envi-
ronmental impact makes it suitable to contribute to the global
energy demand with wide applications in industry.

Mekhilef et al. study the solar energy systems utilization in in-
dustrial applications and looked into the industrial applications
which are more compatible to be integrated with solar energy
systems [1]. Du et al. characterize the solar energy literature from
1992 to 2011 using bibliometric techniques based on databases of
the Science Citation Index and the Social Science Citation Index [2].
Solangi et al. discuss a review about the different solar energy
policies implemented on the different countries of the world [3].

The growth of the world economy has been favored by the
continued increase in the consumption of non-renewable energy
x: þ34 985 10 43 22.
uti�errez-Trashorras).
sources in recent decades, particularly oil and gas. However, it
should be noted that the current energy model does not allow a
sustained and sustainable growth for many countries, due to im-
balances between energy supply and energy demand, volatility of
prices and the increasing concentration of greenhouse gases (GHG)
(emissions from the use of fossil fuels).

The intensive use of fossil fuels in the energy sector in Mexico
has caused a large increase in GHG emissions. The energy sector
(production, processing, transportation and consumption of energy
products) is the main source of these emissions (498.51 Mt CO2 eq.
in 2011 [4]). Achieving a lower level of energy dependence and
mitigating emissions have led many researchers to the field of
renewable energy sources. These studies highlight the importance
of the role of renewable energy resources in the energy mix [5e8].

Mexico is an oil producing country and consequently the na-
tional energy model is based on the use of hydrocarbons. In fact,
over 76% of the installed electricity production capacity comes from
traditional power plants. Combined cycle plants have become
especially important due to the improvements in their operation
and the replacement of fuel oil by natural gas [4]. Forecasts of the
MexicanMinistry of Energy (SENER) indicate predominant demand

mailto:gutierrezantonio@uniovi.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2015.03.068&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
http://dx.doi.org/10.1016/j.renene.2015.03.068
http://dx.doi.org/10.1016/j.renene.2015.03.068
http://dx.doi.org/10.1016/j.renene.2015.03.068


E. Villica~na-Ortiz et al. / Renewable Energy 81 (2015) 534e542 535
for natural gas in the generation fleet by 2025. This means that
renewable energies have had a limited development in Mexico,
despite the interest in the late twentieth century.

This scenario suggests a major change in the structure of the
energy model. It must be considered a priority, aimed at improving
the chain of generation, transmission, distribution and the final use
of energy. The economic and political uncertainties arising from the
widespread use of oil combined with the increasing development
of renewable energy resources worldwide have renewed interest in
the use of the latter [9,10].

In Mexico there are alternatives that ensure an affordable and
environmentally acceptable future energy supply. In order to cover
the energy requirements of the country, these alternatives should
be developed rationally and systematically, in the short and mid-
term. Studies [11e14] indicate that Mexico boasts an interesting
variety of renewable resources, capable of being transformed into
final energy.

Of these, solar radiation is of particular importance because of
its availability in nearly the whole national territory. It is estimated
that average solar radiation rate is 5 kWh/m2day over 75% of the
territory, reaching 7 kWh/m2day in the region near the Cort�es Sea
and Gulf of California. Even in the coastal zone of the Gulf of Mexico
the solar radiation rate averages 4 kWh/m2day, amuch higher value
than the 2 kWh/m2day or 3 kWh/m2day registered in the reference
countries in the sector such as Germany and Spain [15e17]. The
topography of the Gulf of Mexico favors the development of both
electric and solar thermal installations, in addition to concentrating
the main oil resources. The outline of a sustainable energy plan
would combine the use of fossil and renewable resources for both
domestic consumption and foreign trade.

This paper presents an analysis of the incident solar radiation on
the coastal zone of the Gulf of Mexico, which includes the states of
Tamaulipas, Veracruz, Tabasco and Campeche, in order to deter-
mine the available potential for its use as an energy source. This
analysis reflects the need to establish guidelines for solar energy
development and operation, contributing to the implementation of
a more diversified energy model to meet the future energy demand
in a sustainable way.

The analysis presented in this study is based on the use of a
physical solar radiancemodel developed by Bird and Hulstrom [18].
This model allows to characterize and quantify the solar energy
incident on a horizontal surface.

In Mexico, although there are some studies on the matter done
by academic institutions [19e21], the influence of physical and
meteorological factors on solar radiation are not related in them, so
this is a study of special interest due to restricted development of
this energy source despite the fact of its wide availability.

Solar availability is determined by the cloud cover rates for the
area. In addition, radiation maps are a major step towards the
development of solar systems for both thermal and electrical
applications.

2. Analysis geographical and temporal availability of solar
energy

2.1. Theoretical foundations

The Sun emits energy as electromagnetic radiationwhich travels
from the solar core and is distributed uniformly and isotropically
throughout the universe. Part of this energy reaches the upper
layers of the Earth's atmosphere. Its value is known as the Solar
constant (C), depending on the day of the year [22]. The atmosphere
is made up of different molecules (H2O, O2, O3, CO2, etc.) and solid
particles of different sizes known as aerosols (dust, soot, pollen,
etc.). When radiation passes through the atmosphere it undergoes
variations, giving rise to scattering, absorption and reflection [23].
These phenomena can reduce the power of the incident radiation
by as much as 50%, giving rise to local and seasonal variations [24].

The analysis of these phenomena quantifies and characterizes
solar resources. The study is performed by using techniques such as
the logging of measurements, the treatment of satellite images and
the use of physical models of irradiation. The first technique in-
volves the use of costly specific measurement instruments. The
second technique gives better results because it can evaluate the
presence of shaded areas, but its use is also limited because of its
high cost. The logical alternative is the use of physical and mathe-
matical models based on the use of meteorological data. This
technique for the analysis of radiation is an affordable tool which
obtains rigorous results.
2.2. Solar irradiance physical model

The use of physical models of irradiance may have limited re-
sults if the appropriate data and model are not employed. In this
case, the Bird and Hulstrom model is used as a base since it con-
siders the elements that attenuate solar radiation passing through
the atmosphere. Specifically, it has been used the non spectral Bird
and Hulstrommodel, also known as model “C” of Iqbal [23,25]. This
model identifies the set of coefficients responsible for the attenu-
ation due to the presence of different particles present in the
Earth's atmosphere.

It is important to highlight that some equations were improved
and complemented using correlations made by M€achler, and also
using tabulated values, such as monthly changes in atmospheric
ozone under normal conditions of pressure and temperature, in
order to evaluate more accurately the atmospheric components
[23].

This model determines the total irradiance (ITH), from the
amount of direct radiation (IDH) and diffuse irradiance (IdH) on a
horizontal surface for the entire frequency band [25], according to
Equation (1).

ITH ¼ IDH þ IdH (1)
2.2.1. Solar direct irradiance
The direct irradiance on a horizontal surface is determined from

Equation (2), assuming a clear sky, free of clouds.

IDH ¼ 0:9662$Cr$tr$to$tg$tw$ta$cos q (2)

being:

Cr: Value of daily solar constant (W/m2).
tr: Transmission coefficient by scattering due to air molecules.
to: Transmission coefficient due to absorption of ozone (O3).
tg: Transmission coefficient due to absorption by the uniform
gases mixture (CO2 and O2).
tw: Transmission coefficient due to absorption of water vapor.
ta: Transmission coefficient due to absorption and scattering by
the presence of aerosols.
0.9662: Correction factor which adjusts the wavelength range
which accounts for 96% of radiation.
q: Solar Zenith Angle

Equation (2) groups all responsible coefficients for the attenu-
ation of the radiation, which gives more consistent values of direct
radiation.

The normalized solar constant varies around ±3.5% over the year
due to the eccentricity of the elliptical path of the Earth around the
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Sun. Therefore, for the development of projects of this type of en-
ergy, it is needed to determine its daily value. The latter is deter-
mined multiplying the normalized solar constant (C¼ 1367W/m2),
by the relationship between the average Earth-Sun distance and
the actual distance at a given day (Julian day), as shown in Equation
(3) [23].

Cr ¼ C$
�
1þ 0:033$cos

360$n
365

�
(3)

where n is the Julian day.
The density of a substancemultiplied by the path length is called

optical substance mass. The optical air mass value should be pre-
viously determined (ma) in order to obtain the transmission co-
efficients due to scattering by air molecules and due to absorption
by uniform mixing of these miscible gases. The optical air mass is a
function of the pressure and the relative air mass (mrel). The latter is
a purely geometrical relation that evaluates the intersection of a
solar beam with the atmosphere, considering the curvature of the
earth.

In this model, the value of the transmission coefficient by
scattering evaluates the change of direction experienced by the
solar radiation due to the presence of air molecules and it is
determined using Equation (4).

tr ¼ e�0:0903$m0:84
a ð1þma�m1:01

a Þ (4)

For this calculation the optical air mass value (ma) has to be
determined. It is corrected by the pressure value as suggested by
the Atwater y Ball model (Equation (5)) [23].

ma ¼ PT$mrel

101325
(5)

In this equation PT is the total air pressure expressed in Pa. It is
determined as a function of the altitude (z) by means of the
Equation (6).

PT ¼ 101325$e�0:0001184z (6)

In order to calculate the air mass value, it is necessary to eval-
uate the relative air mass (mrel) (Equation (7)).

mrel ¼
1

Cosqþ 0:15½93:885� ðqÞ��1:253 (7)

The relative air mass reaches its minimum value when the solar
incidence is normal to the Earth's surface (q¼ 0�). The equation also
indicates that the length of the solar radiation path decreases very
quickly as the zenital angle (q) diminishes.

In order to calculate the transmission coefficient due to the
absorption of ozone (to) the thickness of the layer corresponding to
the ozone atmosphere (Lo) of Mexico is needed. For the case
studied, this value was taken from the tabulated values by Iqbal, for
which the thickness depends on the latitude and time of year [19].

According to Bird y Hulstrom model, to is obtained by the
Equation (8).

to ¼ 1�
"
0:1611$

h
ðLo$mrelÞð1þ 139:48$Lo$mrelÞ�0:3035

i

þ 0:002715$Lo$mrel

1þ 0:044$Lo$mrel þ 0:003$ðLo$mrelÞ2
#

(8)

Besides ozone there are other gasses in the Earth's atmosphere
absorbing radiation such as CO2 and O2. To determine the
transmission coefficient due to absorption by the uniform gases
mixture (tg) Equation (9) is used [23].

tg ¼ e�0:0127$m0:26
a (9)

The steam contained in the atmosphere is one of the elements
with the highest capacity for radiation absortion. The transmission
coefficient due to absorption of water vapor (tw) is obtained from
Equation (10) [23].

tw ¼ 1� 2:4959$ðUwÞ
ð1þ 79:034$UwÞ0:6828 þ 6:385$Uw

(10)

This coefficient depends on the steam optical path (Uw), which is
determined from amount of water capable of precipitate in the
vertical direction over the place (WW) multiply by relative air mass
(mrel) (Equation (11)).

Uw ¼ WW$mrel (11)

In order to calculate the amount of water capable of precipitate
in the vertical direction over the place, measurement equipments
called radiosondes are used. If these equipments are not available, it
could be used use the expression proposed by Leckner (Equation
(12)) [26]. In this study this equation has been used.

WW ¼ 0:493
�
HR
T

�
e26:23�5416=T (12)

being:

T: Absolute temperature
RH: relative humidity

M€achler parameterization [27] is used for the transmission co-
efficient due to the presence of aerosols (ta), according to the Iqbal
model (Equation (13)). This parameterization depends on the
average particle size (a) and the amount of aerosols. According to
various studies [23,28,29], the average particle size is 1.3mm ± 0.2.
The amount of aerosols is measured by the turbidity degree of the
atmosphere (b). This parameter is called the Angstrom turbidity
coefficient and it can vary from 0, for extremely clean atmospheres,
up to 0.5, for atmospheres with extremely high turbidity.

ta ¼ 0:12445$a� 0:0162

þ ð1:003� 0:125$aÞ$e�b$mað1:089$aþ0:5123Þ (13)
2.2.2. Solar diffuse irradiance
With regards to diffuse irradiance, the model considers the

contribution of three solar components: diffuse irradiance due to
the existence of air molecules, diffuse irradiance due to the exis-
tence of dust particles (aerosols) and diffuse irradiance by multiple
reflection between the ground and atmosphere [23] (Equation (3)).

IdH ¼ Idr þ Ida þ Idm (14)

being:

IdH: Total diffuse irradiance on a horizontal surface.
Idr: Diffuse irradiance due to scattering by air molecules (Ray-
leigh diffusion).
Ida: Diffuse irradiance due to the presence of aerosols.
Idm: Diffuse irradiance due to multiple reflections.

Diffuse irradiance due to the existence of air molecules (Idr) is
determined by means of the Equation (15).
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Idr ¼ 0:79$Cr$to$tg$tw$taa$0:5$
1� tr

1:02$cos q (15)

1�ma þma

This model assumes that 50% of the solar energy is directed
toward the Earth's surface due to scattering by air molecules. The
transmission coefficient due to absorption by aerosols (taa) requires
an albedo (ratio of reflected radiation from the surface to incident
radiation upon it) called a single scattering albedo (uo). The value
suggested by the Bird and Hulstrom model is 0.9 [18]. The trans-
mission coefficient due to absorption by aerosols is obtained by the
Equation (16).

taa ¼ 1� ð1� uoÞ
�
1�ma þm1:06

a

�
ð1� taÞ (16)

The diffuse radiation due to the presence of aerosols (Ida) is
calculated by means of Iqbal's C Model, in which the percentage of
energy reaching the earth's surface due to scattering from aerosols
is obtained using Mac's parameterization [27] (Equation (17)).

Ida ¼ 0:79$Cr$to$tg$tw$taa$Fc$
1� tas

1�ma þm1:02
a

$cos q (17)

where Fc represents the percentage of the energy on the Earth's
surface due to scattering by aerosols. In ca be estimated from the
expression provided by the Mac's model (Equation (18)).

Fc ¼ 0:93� 0:21 lnma (18)

and tas represents the transmission coefficient due solely to diffu-
sion by aerosols which is obtained from Equation (19).

tas ¼ ta

taa
(19)

The calculation of the diffuse irradiance by multiple reflections
(Idm) requires the reflection coefficients of the surface (rg), which
are tabulated depending on the surface. It also requires an evalu-
ation of the atmospheric albedo, ie, multiple reflections between
the ground and the sky (r0a) [29] (Equations (20) and (21)).

Idm ¼ ðIDH$cos qþ Idr þ IdaÞ
rg$r

0
a

1� rg$r
0
a

(20)

r
0
a ¼ 0:0685þ ð1� FcÞð1� tasÞ (21)

As can be seen, the application of the Bird and Hulstrom model
assesses the influence of climatic and meteorological variables,
which are responsible for the attenuation of solar radiation, giving
very reliable results.
Fig. 1. Location of the coastal zone of the Gulf of Mexico.
2.3. Application to the coastal area of the Gulf of Mexico

Application of the model was performed for the coastal zone of
the Gulf of Mexico, which includes the states of Tamaulipas, Vera-
cruz, Tabasco and Campeche (Fig. 1). Solar resource analysis began
with the calculation of the coefficients of atmospheric transmission
given by Bird and Hulstrom model. To do so, the climate informa-
tion provided by the meteorological stations located in different
areas of the coastal regionwas used. This region is characterized by
plains that do not exceed 1000 m in altitude with the exception of
some interior areas with higher altitudes. It has a variety of climates
ranging fromwarm to temperate, with different moisture contents.
However, humid and sub-humid warm climates are predominant.

To evaluate the incident solar energy it is necessary to use
climate data available in existing weather stations in the area [30]
(Table 1).
These stations are part of the NationalWeather System [26]. The
recorded variables are: the relative humidity (RH), precipitation
(mm), temperature (�C), pressure (bar), altitude (meters above sea
level: masl), and number of rainy days, foggy days, sunny days and
clear days. Climate records take an average of 20 years to accu-
mulate sufficient data to establish standard year statistics. This
information is used to obtain the data matrix of the 10 weather
stations in the study area (Fig. 2).

Once the working equations have been established, the direct
and diffuse solar radiation for each of the weather stations are is
assessed. In this region, three atmospheric states (clear, cloudy and
very turbid) have been identified according to the Angstrom
turbidity coefficient. The parameter values are [31]:

� b ¼ 0.10 when the atmosphere is clear. This indicates a blue,
cloud-free sky that occurs only on certain occasions.

� b ¼ 0.20 when the atmospheric conditions have slight cloudi-
ness. This feature is more common. Some authors identify it as a
clear blue sky, with a bit of haze.

� b ¼ 0.40 when the atmosphere has a very cloudy appearance. In
this case, the sky has a “milky” color typical of extreme haze.

The daylight hours available for each site must be evaluated in
order to obtain daily direct and diffuse radiation. Values given by
the Mexican government were used [32].

3. Discussion of results

The availability of solar energy is conditioned by several climatic
and meteorological factors. For the analysis of solar radiation in-
formation it is necessary to know the final application of the solar
resources. If the final use is energetic, it is necessary to determine
the availability of the resources more accurately. Therefore, the fact
that the irradiation model used in this analysis considers the at-
mospheric state is decisive.

3.1. Radiation type

Table 2 shows the daily solar radiation values for the three at-
mospheric states in each weather station. The highest overall level
of daily solar radiation is obtained in Cuidad Victoria in particle-free
atmospheric conditions. However, this condition is unusual
because of the physical conditions and weather in the area.

Of these radiation levels, it is important to distinguish between
the fraction corresponding to the direct radiation and that which
corresponds to diffuse radiation, as this will determine the most



Table 1
Meteorological data from weather stations in the Gulf of Mexico.

Station State Latitude Longitude Altitude (masl) Temperature (�C) RH (%)

Coatzacoalcos Veracruz 18�1102200 94�3003900 16 26 0.78
Villahermosa Tabasco 17�590 92�560 7 25 0.75
Jalapa Veracruz 19�3004300 96�5401400 1360 19 0.46
Ciudad Victoria Tamaulipas 23�4405200 99�1001800 336 25 0.71
Tampico Tamaulipas 22�120 97�5102200 25 25 0.78
Soto la Marina Tamaulipas 23�460 98�120 21 26 0.65
Veracruz Veracruz 19�0904000 96�0801300 20 25 0.78
Tuxpan Veracruz 20�5703500 97�2500800 10 25 0.82
Campeche Campeche 19�500 90�300 5 27 0.72
Orizaba Veracruz 18�510 97�060 1259 18 0.78
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suitable type of technology to develop: solar thermal for low or
medium temperature, isolated photovoltaic, or grid-connected
photovoltaic. Because the goal of this analysis is to determine the
level of radiation that can be harnessed, a very turbid atmosphere
was used to establish theminimum solar daily solar radiation in the
worst situation. The obtained results are shown in Table 3.

Radiation levels, even in very turbid atmospheric conditions, are
interesting for the development of solar systems. Fig. 3 shows the
behavior of the level of radiation throughout the year for all the
weather stations.

Fig. 3 also shows that themonthly average total solar radiation is
considerably higher in the region of Ciudad Victoria. Orizaba and
Fig. 2. Location of the weather stations of the Coastal Zone of the Gulf of Mexico.

Table 2
Overall average daily solar radiation at the weather stations according to the atmospher

Stations Clear atmosphere [kWh/m2day] Cloudines

Ciudad Victoria 6.729 6.183
Soto la Marina 5.731 5.265
Tampico 5.065 4.655
Tuxpan 4.720 4.339
Jalapa 4.068 3.741
Orizaba 3.997 3.676
Veracruz 5.629 5.176
Coatzacoalcos 5.416 4.980
Villahermosa 5.017 4.614
Campeche 5.581 5.131
Jalapa have virtually identical radiation conditions throughout the
year, receiving the lowest irradiation. Stations located in the areas
nearest to the sea share similar trends; Campeche and Veracruz
have the same level of radiation.

In a second analysis the level of radiation received on a seasonal
basis was measured in order to identify the highest values of solar
radiation obtainable in very turbid atmospheric conditions. For all
the stations it was observed that solar resources are higher in
spring and summer than in winter and autumn. This analysis also
indicates the energy contribution given by the direct and diffuse
radiation in each season (Fig. 4).

Fig. 4 shows that the maximum radiation occurs in Victoria,
reaching the greatest amount of direct radiation in spring and
summer. The Soto la Marina station also has significant direct ra-
diation values. In contrast, Jalapa and Orizaba have the lowest
average solar resources.

3.2. Development potential

As it was mentioned before, according to final energy use
(thermal or electrical) the type and amount of solar radiation in the
area under study have to be considered. Thus, for the development
ic states.

s atmosphere [kWh/m2day] Very turbid atmosphere [kWh/m2day]

5.895
5.020
4.439
4.138
3.568
3.506
4.936
4.750
4.401
4.893

Table 3
Total, direct and diffuse annual average daily solar radiation for the different
weather stations.

Stations Daily solar radiation [kWh/m2day]

Total Direct Diffuse

Ciudad Victoria 5.895 3.184 2.711
Soto la Marina 5.020 2.711 2.309
Tampico 4.439 2.413 2.026
Tuxpan 4.138 2.261 1.877
Jalapa 3.568 1.959 1.608
Orizaba 3.506 1.930 1.576
Veracruz 4.936 2.715 2.222
Coatzacoalcos 4.750 2.620 2.130
Villahermosa 4.401 2.429 1.972
Campeche 4.893 2.685 2.209



Fig. 3. Monthly average total daily solar radiation at the weather stations.
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of solar photovoltaic isolated type, daily solar radiation level be-
tween 3 and 4 kWh/m2day is required. Regarding solar installations
connected to the grid, in addition to greater insolation (sunshine
hours) and localizations free of shadows, a level of more than
4 kWh/m2día daily solar radiation is required. It should be noted
that in areas where diffuse radiation predominates, it must not be
carried out photovoltaic systems, since the electricity production
will be very low. Therefore, locations with significant cloud cover
throughout the year are not suitable for the development of solar
photovoltaic grid-connected installations.

In order to produce thermal energy for sanitary hot water, the
daily solar radiation levels required are between 2.5 and 3 kWh/
m2day. For thermal systems of medium and high temperature, ie
concentrated solar power (CSP), the production of heat and elec-
tricity requires direct irradiation, as well as a significant level of
solar radiation. Thus, regions with values greater than 5 kWh/
m2day are optimal for the development of Concentrated Solar Po-
wer installations. According to the study conducted by Greenpeace
and the European Association of Solar Energy [33], areas where
Concentrated Solar Power systems can be successfully developed
are those with more than 5.4 kWh/m2day. It also suggests areas
with low humidity and low levels of dust or smoke (aerosols),
particularly steppes, scrublands, savannas and deserts below 40�

latitude.
Solar radiation maps have been elaborated with the help of the

ArcGis tool to identify regions of interest for solar energy use.
3.2.1. Direct radiation
Fig. 5 displays the direct radiation of the Gulf of Mexico solar

map. The highest level of estimated direct radiation reaches
3.9 kWh/m2day.

From the analysis, it appears that the coastal zone of the Gulf of
Mexico has levels of interest for the development of solar thermal
systems of different radiation types, even when considering very
turbid atmospheric conditions.

The results obtained indicate that technologies such as CSP
would not be profitable because of the percentage of cloud cover.
However, this region is suitable for the development of either iso-
lated or grid-connected photovoltaic systems.

For grid-connected systems, the areas with the greatest poten-
tial are those located northwest of the state of Tamaulipas and
virtually the entire state of Campeche. Central Veracruz is not
advisable due to the degree of cloudiness, although its develop-
ment may be feasible.
3.2.2. Diffuse radiation
Fig. 6 shows that the highest values of diffuse solar radiation are

mainly achieved in the central zone, comprising the states of
Tamaulipas and Veracruz, where the level of diffuse radiation is
approximately 2.8 kWh/m2day.

From the analysis, it appears that this region offers possibilities
for the development of isolated photovoltaic systems, and virtually
the entire region is recommended in the use of low temperature
solar thermal systems for hot water and pool heating.

3.2.3. Total radiation
Fig. 7 indicates that this region can reach a level of global radi-

ation up to 6.7 kWh/m2day, the Northwest being the largest energy
resource zone. For the central zone, the levels are lower, in the
range of 3 kWh/m2day and predominantly due to the diffuse ra-
diation contribution. In the south, radiation also presents values
near 4 kWh/m2day, providing opportunities for the development of
solar systems for energy purposes.

4. Conclusions

Solar resources can contribute to the development of a sus-
tainable energy model using renewable energy. Availability de-
pends on the climatic characteristics of each zone. Climatic and
meteorological factors determine the degree of attenuation of solar
radiation and, therefore, the amount of available solar resources.

Solar direct, diffuse and total radiation maps of the coastal zone
of the Gulf of Mexico have been elaborated in order to identify
regions of interest for solar energy use.

Solar energy is an abundant resource in the Gulf of Mexico,
where it reaches 3.9 kWh/m2day of direct radiation, and 2.8 kWh/
m2day of diffuse radiation. The total radiation is up to 6.7 kWh/
m2day in the northwest, 3 kWh/m2day in the center, where the
main contribution is due to diffuse radiation, and about 4 kWh/
m2day in the south.

Radiation levels in the coastal zone of the Gulf of Mexico are
suitable for the development of both photovoltaic and thermal
solar power plants. Photovoltaic systems could be either isolated or
grid-connected. The results indicate that technologies such as
Concentrated Solar Power would not be profitable due to the per-
centage of cloud cover. For grid-connected systems, areas with the
greatest potential are Tamaulipas and Campeche. The central area,
Tamaulipas and Veracruz offer possibilities for the development of
solar thermal applications with low temperature systems for hot
water and pool heating. The development and use of these



Fig. 4. Direct and diffuse seasonal average daily solar radiation at weather stations.
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Fig. 5. Direct solar radiation in the coastal zone of the Gulf of Mexico.

Fig. 6. Diffuse solar radiation in the coastal zone of the Gulf of Mexico.

Fig. 7. Total solar radiation in the coastal zone of the Gulf of Mexico.
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resources requires support and incentives to achieve the structural
improvements necessary for its use and integration in the pro-
ductive energy system.
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